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SUMMARY

The aim of the present investigation was to investigate the biocompatibility potential 

o f commercially available non-precious dental casting alloys facilitated by multiple 

analyses using a two-dimensional (2D) oral keratinocyte (TR146) cell monolayer 

structure and a novel three-dimensional (3D) human-derived, full-thickness, 

differentiated oral mucosal model.

The first section of the study aimed to determine the influence of the surface finishing 

condition o f a Ni-based (d.Sign® 10) dental casting alloy on the biocompatibility 

potential. The biocompatibility was determined following direct and indirect exposure 

o f the dental casting alloys to the 2D oral keratinocyte cell monolayer structures. The 

clinically relevant polished dental casting alloys induced significantly increased 

adverse biological effects compared with the ‘as-cast’ alumina particle air abraded 

alloys. In addition, the study showed that the use of trypsin-edetate disodium (EDTA) 

was inappropriate in the determination of the TR146 cell density measurements and 

highlighted difficulties for comparisons with trypsin-EDTA-treated cell density 

studies in the dental literature. The biocompatibility potential of two polished Ni- 

based (d.Sign® 10 and d.Sign® 15) and a cobalt-chromium (Co-Cr) (d.Sign®30) dental 

casting alloy were investigated on the 2D TR146 cell monolayer structure and 

compared using multiple analyses. The d.Sign® 15 dental casting alloy was shown to 

elicit significantly increased adverse morphological and physiological responses from 

the 2D TR146 cell monolayer structures compared with the d.Sign®10 alloy and the 

Co-Cr (d.Sign®30) alloy. The influence of oral microorganisms {Streptococcus 

mutans, Candida albicans and Candida dubliniensis) on the biocompatibility 

potential of the dental casting alloys was also determined using the 2D TR146 cell 

monolayer structure. Oral microorganisms were shown to enhance the loss of 

biocompatibility, possibly due to the decreased pH levels, which exacerbated metal 

ion leachate release levels from the alloys.

The biological responses of a novel 3D, human-derived, full-thickness, oral mucosal 

model were investigated following direct exposure to the dental casting alloys and 

indirect exposure to alloy immersion solutions. Direct exposure of the polished Ni- 

based dental casting alloys elicited significant morphological damage manifest as



vacuolisation o f  the connective tissue layer com pared with the untreated control oral 

m ucosal m odel. A dditionally, decreases in cell viability m easurem ents, increases in 

the expression o f  inflam m atory cytokines ( IL - la , IL-8, PG E 2 and TN F-a), increases 

in cellular toxicity and decreases in the oxidative stress responses o f  the oral m ucosal 

m odels w ere observed com pared w ith the untreated control oral m ucosal m odels. The 

C o-C r dental casting alloy, w hilst not eliciting a significant level o f  cytotoxicity, had 

the potential to induce adverse alterations to the norm al cellular function o f  the oral 

m ucosal m odel com pared w ith the untreated control oral m ucosal m odel. 

Com parisons o f  the cellular responses (cell viability m easurem ents, the expression o f  

inflam m atory cytokines, cellular toxicity analysis and oxidative stress) o f  the oral 

m ucosal m odel follow ing direct exposure to the dental casting alloys were determ ined 

to be significantly  decreased com pared w ith indirect exposure to the alloy im m ersion 

solutions.



ACKNOWLEDGEMENTS

I would like to sincerely thank my supervisor Dr. Garry JP Fleming for his expertise, 

guidance, encouragement and patience throughout the duration o f the study, 

especially during the writing o f this thesis.

My sincere thanks and appreciation to my co-supervisor Dr. Gary Moran for his 

supervision and superb technical expertise throughout the study.

I would like to express my gratitude to Dr. Adam Dowling for his statistical expertise 

and contribution to the writing o f this thesis.

I would like to acknowledge the Dublin Dental University Hospital for allowing me 

the opportunity to perform this research and for provision o f funding.

I would like to acknowledge P rof Richard van Noort and Dr. Keyvan Moharamzadeh 

for allowing me to visit the Centre for Biomaterials and Tissue-Engineering, 

University o f Sheffield.

Sincere thanks to the academic staff, postdoctoral staff and research students o f the 

Oral Biosciences Lab, past and present.

To Brenda and Maria for being much more than lab colleagues. From Bunsen burner 

related head injuries, haunted tombs, surfing trips, tissue culture pictionary to broken 

limbs. It’s been indecently enjoyable.

To Tom, whose patience, kindness and understanding, especially during the write-up 

stage, knows no bounds.

My most heartfelt thanks are to my parents, Angela and Owen, for unwavering love 

and support, for instilling in me the benefits o f education at an early age and to whom 

I sincerely dedicate this thesis.



TABLE OF CONTENTS

1 LITERATURE REVIEW  1

1.0 Introduction 1

SECTION A

2 HYPOTHESIS 20

2.1 Aims and Objectives 22

3 GENERAL M ATERIALS AND METHODS: 2D TR146 CELL
M ONOLAYERS 23

3.1 Dental Casting Alloys 23

3.2 Disc-shaped Specimen M anufacture 23

3.3 Surface Finishing Condition 25

3.4 Profilometry 25

3.5 Disc Sterilisation 26

3.6 Chemicals and Enzymes 26

3.7 Cell Culture 26

3.8 Alloy Exposure M ethods 29

3.9 Analyses 30

3.10 Inductively Coupled Plasma-M ass Spectrometry 36

4 EXPERIM ENTAL: 2D TR146 CELL M ONOLAYERS 38

4.1 Influence o f Alloy Surface Finishing Condition on Biocompatibility 38

4.1.1 M aterials and M ethods 38

4.1.2 Cell Culture 39

4.1.3 Alloy Exposure M ethods 39

4.1.4 Results 42

4.1.5 Alloy Exposure M ethods 44

4.1.6 Summary 110

4.2 Influence o f Alloy Composition on Biocompatibility 111

4.2.1 M aterials and M ethods 111



4.2.2 Cell Culture 112

4.2.3 Alloy Exposure M ethods 112

4.2.4 ICP-M S 114

4.2.5 Results 115

4.2.6 Alloy Exposure M ethods 118

4.2.7 Sum m ary 171

4.3 Influence o f  Oral M icroorganism s on Alloy Biocompatibility 172

4.3.1 Materials and M ethods 172

4.3.2 Cell Culture 173

4.3.3 Oral M icroorganism s 173

4.3.4 Alloy Exposure Methods 174

4.3.5 ICP-M S 177

4.3.6 Results 178

4.3.7 C om parative Statistical Analysis: With Oral M icroorganism Treatment 
versus W ithout Oral M icroorganism Treatments 261

4.3.8 Sum m ary 272

5 DISCUSSION: 2D TR146 CELL MONOLAYERS 273

5.1 Influence o f  Alloy Surface Finishing Condition on Biocompatibility 273

5.2 Influence o f  Alloy Com position on Biocompatibility 290

5.3 Influence o f  Oral M icroorganism s on Alloy Biocompatibility 302

SECTION B

6 LITERATURE REVIEW: 3D ORAL MUCOSAL MODELS 311

6.1 A im s and Objectives 316

7 GENERAL MATERIALS AND METHODS: 3D ORAL MUCOSAL 
MODELS 317

7.1 Disc-shaped Specimens 317

7.2 C hem icals  and Enzym es 317

7.3 Primary Cell Culture 317

7.4 Alloy Exposure M ethods 322



7.5 Histological Analysis 322

7.6 Analyses 324

8 EXPERIMENTAL: 3D ORAL MUCOSAL MODELS 327

8.1 Direct Exposure to the Dental Casting Alloys 327

8.1.1 M aterials and M ethods 327

8.1.2 Alloy Exposure 327

8.1.3 Results 329

8.1.4 Alloy Exposure Methods 331

8.1.5 Summary 357

8.2 Indirect Exposure to the Alloy Immersion Solutions 359

8.2.1 M aterials and M ethods 359

8.2.2 Cell Culture 359

8.2.3 Alloy Exposure 359

8.2.4 Results 361

8.2.5 Alloy Exposure Methods 363

8.2.6 Com parative Statistical Analysis:Direct versus Indirect Exposure 407

8.2.7 Summary 412

9 DISCUSSION: 3D ORAL MUCOSAL MODELS 414

9.1 Exposure to the Dental Casting Alloys 416

10 CONCLUSIONS 439

11 FUTURE RECOMMENDATIONS 442

12 REFERENCES 444



PUBLICATIONS

The following scientific manuscripts have been published in internationally peer- 

reviewed scientific journals.

1. McGinley, E.L., Coleman, D.C., Moran, G.P. and Fleming, G.J.P. (2011). Effects 

o f surface finishing conditions on the biocompatibility o f a nickel-chromium dental 

casting alloy. Dental Materials, 27, 637-50.

2. McGinley, E.L., Moran, G.P. and Fleming, G.J.P. (2011). Base-metal dental casting 

alloy biocompatibility assessment using a human-derived 3D oral mucosal model. 

Acta Biomaterialia, In Press.



LIST OF FIGURES

Figure 1.1 (a) The porcelain jacket crown and (b) the porcelain-fused-to-metal
restoration illustrating the opaque porcelain which was used to mask the underlying 
metal and produce the illusion o f natural enamel the creation o f  a lifelike porcelain 
veneer (McLean, 1979c). 2

Figure 1.2 Schematic image o f the proposed model o f nickel uptake into 
eukaryotic cells. 11

Figure 1.3 (a) A nickel sensitive patient presenting with a Ni-based porcelain-
fused-to metal restoration with gingival inflammation evident and (b) illustrating the 
same nickel sensitive patient 72 h after removal. 17

Figure 4.1.1 Profilometric representation o f the 2001 traces across the 100 mm
area coincident with the centre o f the specimen o f a d.Sign® 10 disc-shaped specimen 
in an alumina particle air abraded surface finishing condition. 42

Figure 4.1.2 Profilometric representation o f  the 2001 traces across the 100 mm 
area coincident with the centre o f the specimen o f a d.Sign®10 disc-shaped specimen 
in a clinically relevant polished surface finishing condition. 43

Figure 4.1.3 Visual assessment o f  (a) >70% confluent TR146 cell monolayer 
structures incubated for 48 h and viewed under light microscopy, and following direct 
exposure to the d.Sign® 10 alloy disc-shaped specimens in (b) an alumina particle air 
abraded and (c) a polished surface finish condition. 45

Figure 4.1.4 Visual assessment o f >70% confluent TR146 cell monolayer structures 
incubated for 48 h and viewed under light microscopy following indirect exposure to 
the d.Sign® 10 alloy disc-shaped specimen 14 day immersion solutions in (a) an 
alumina particle air abraded and (b) a polished surface finish condition. 46

Figure 4.1.5 The TR146 cell density results determined with trypsin using the 
trypan blue dye assay for the untreated control TR146 cells (Control) and TR146 cells 
following direct exposure to d.Sign® 10 disc-shaped specimens in the alumina particle 
air abraded and polished surface finishing condition for 2, 24, 48 and 72 h. 48

Figure 4.1.6 Linear and logarithmic regression analyses: The control TR146 cell 
density results determined with trypsin using the trypan blue dye assay for the 
untreated control as incubation time increased from 2-72 h. 51

Figure 4.1.7 Linear and logarithmic regression analyses: The cell density results 
following direct exposure determined with trypsin using the trypan blue dye assay for



the alumina particle air abraded d.Sign 10 disc-shaped specimens with increasing 
exposure time (2-72 h). 52

Figure 4.1.8 Logarithmic and linear regression analyses: The cell density results 
following direct exposure determined with trypsin using the trypan blue dye assay for 
the polished d.Sign® 10 disc-shaped specimens with increasing exposure time (2-72 
h). 53

Figure 4.1.9 The TR146 cell density results determined with trypsin using the 
trypan blue dye assay for the untreated control (Control) and TR146 cells following 
indirect exposure to the (a) 1 day, (b) 5 day, (c) 9 day and (d) 14 day d.Sign®!0 
alumina particle air abraded and polished surface finishing condition immersion 
solutions for 2, 24, 48 and 72 h (Time). 56-57

Figure 4.1.10 Linear and logarithmic regression analyses: The cell density results 
determined with trypsin using the trypan blue dye assay for TR146 cells following 
indirect exposure to the 1 day immersion solutions o f the alumina particle air abraded 
d.Sign®10 disc-shaped specimens as exposure time increased (2-72 h). 58

Figure 4.1.11 Linear and logarithmic regression analyses: The cell density results 
determined with trypsin using the trypan blue dye assay for TR146 cells following 
indirect exposure to the 5 day immersion solutions o f the alumina particle air abraded 
d.Sign®!0 disc-shaped specimens as exposure time increased (2-72 h). 59

Figure 4.1.12 Linear and logarithmic regression analyses: The cell density results 
determined with trypsin using the trypan blue dye assay for TR146 cells following 
indirect exposure to the 9 day immersion solutions o f the alumina particle air abraded 
d.Sign®10 disc-shaped specimens as exposure time increased (2-72 h). 60

Figure 4.1.13 Linear and logarithmic regression analyses: The cell density results 
determined with trypsin using the trypan blue dye assay for TR146 cells following 
indirect exposure to the 14 day immersion solutions o f the alumina particle air 
abraded d.Sign® 10 disc-shaped specimens as exposure time increased (2-72 h). 61

Figure 4.1.14 Linear and logarithmic regression analyses: The cell density 
measurements determined with trypsin using the trypan blue dye assay for the 
untreated control TR146 cells and the TR146 cells following indirect exposure to the 
1-14 day immersion solutions o f the alumina particle air abraded d.Sign® 10 disc
shaped specimens. 62

Figure 4.1.15 Linear and logarithmic regression analyses: The cell density 
measurements determined with trypsin using the trypan blue dye assay for the 
untreated control TR146 cells and the TR146 cells following indirect exposure to the



1, 5, 9 and 14 day immersion solutions o f  the polished d.Sign® 10 disc-shaped 
specimens. 64

Figure 4.1.16 The TR146 cell density results determined without trypsin using the 
trypan blue dye assay for the untreated control (Control) and TR146 cells following  
direct exposure to the d.Sign® 10 disc-shaped specimens in the alumina particle air 
abraded and polished surface finishing condition for 2-72 h. 67

Figure 4.1.17 Linear and logarithmic regression analyses: The TR146 cell density 
results determined without trypsin using the trypan blue dye assay for the untreated 
control as exposure time increased from 2-72 h. 68

Figure 4.1.18 The TR146 cell density results determined without trypsin using the 
trypan blue dye assay for the untreated control and TR146 cells following indirect 
exposure to the alumina particle air abraded and polished surface finishing condition 
d.Sign® 10 immersion solutions o f  (a) 1 day, (b) 5 day, (c) 9 day and (d) 14 day 
immersion duration for 2-72 h. 72-73

Figure 4.1.19 Linear and logarithmic regression analyses: The cell density 
measurements determined without trypsin using the trypan blue dye assay for the 
untreated control and the TR146 cells following indirect exposure to the 1-14 day 
immersion solutions o f  the alumina particle air abraded d.Sign® 10 disc-shaped 
specim ens. 76

Figure 4.1.20 Linear and logarithmic regression analyses: The cell density 
measurements determined without trypsin using the trypan blue dye assay for the 
untreated control and the TR146 cells following indirect exposure to the 1-14 day 
immersion solutions o f  the polished d.Sign® 10 disc-shaped specimens. 79

Figure 4.1.21 Boxplot analysis o f  I L - la  inflammatory cytokine expression (in 

pg/mL) from the untreated control and following direct and indirect exposure o f  the 
d.Sign® 10 disc-shaped specimens in the alumina particle air abraded and polished 
surface finishing conditions at 24 h. 82

Figure 4.1.22 Boxplot analysis o f  the IL-8 inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct and indirect exposure o f  the 
d.Sign® 10 disc-shaped specimens in the alumina particle air abraded and polished 
surface finishing conditions at 24 h. 85

Figure 4.1.23 Boxplot analysis o f  PGE2 inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct and indirect exposure o f  the 
d.Sign® 10 disc-shaped specimens in the alumina particle air abraded and polished 
surface finishing conditions at 24 h. 88



Figure 4.1.24 Boxplot analysis o f  the TNF-a inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct and indirect exposure o f the 
d.Sign 10 disc-shaped specimens in the alumina particle air abraded and polished 
(Polished) surface finishing conditions at 24 h. 91

Figure 4.1.25 Linear regression analysis: TR146 cellular metabolic activity results 
determined for the untreated control as incubation time increased (2-72 h). 94

Figure 4.1.26 Linear regression analyses: The cellular metabolic activity results for 
the TR146 cells following indirect exposure to the 1-14 day immersion solutions o f 
the alumina particle air abraded d.Sign®!0 disc-shaped specimens. 96

Figure 4.1.27 Linear regression analyses: The cellular metabolic activity results for 
the TR146 cells following indirect exposure to the 1-14 day immersion solutions o f 
the polished d.Sign®!0 disc-shaped specimens. 98

Figure 4.1.28 Linear regression analysis: TR146 cellular toxicity results determined 
for the Triton-X treated control as duration increased from 2-72 h. 101

Figure 4.1.29 Linear regression analyses: The cellular toxicity results for the TR146 
cells following indirect exposure to the 1-14 day immersion solutions o f the alumina 
particle air abraded d.Sign®!0 disc-shaped specimens. 103

Figure 4.1.30 Linear regression analyses: The cellular toxicity results for the TR146 
cells following indirect exposure to the 1-14 day immersion solutions o f the polished 
d.Sign®!0 disc-shaped specimens. 105

Figure 4.2.1 Profilometic representation o f the 2001 traces across the 100 mm^ area 
coincident with the centre o f the specimen o f a d.Sign®! 5 disc-shaped specimen in a 
polished surface finishing condition. 115

Figure 4.2.2 Profilometic representation o f the 200! traces across the 100 mm area 
coincident with the centre o f the specimen o f a d.Sign®30 disc-shaped specimen in a 
polished surface finishing condition. 116

Figure 4.2.3 Visual assessment o f (a) >70% confluent TR146 cell monolayer 
structure incubated for 48 h and viewed under light microscopy, and following direct 
exposure to the (b) d.Sign®10, (c) d.Sign®!5 and (d) d.Sign®30 dental casting alloys 
in the polished surface finish condition. 119

Figure 4.2.4 Visual assessment by light microscopy o f >70% confluent TR146 cell 
monolayer structures incubated for 48 h following indirect exposure to the 14 day 
immersion solutions o f the (a) d.Sign®!0, (b) d.Sign®!5 and (c) d.Sign®30 dental 
casting alloys. 120



Figure 4.2.5 The TR146 cell density results determined without trypsin using the 
trypan blue dye assay for the untreated control and TR146 cells following exposure to 
the polished disc-shaped specimens (2-72 h). 122

Figure 4.2.6 Linear and logarithmic regression analysis: The TR146 cell density 
results determined without trypsin using the trypan blue dye assay for the untreated 
control as time increased (2-72 h). 123

Figure 4.2.7 The cell density results determined without trypsin using the trypan 
blue dye assay for the untreated control and TR146 cells following indirect exposure 
to the polished immersion solutions o f  (a) 1 day, (b) 5 day, (c) 9 day and (d) 14 day 
immersion duration for 2-72 h. 127-128

Figure 4.2.8 Linear and logarithmic regression analyses: The cell density
measurements determined without trypsin using the trypan blue dye assay for TR146 
cells following indirect exposure to the 1-14 day immersion solutions o f  the polished 
d.Sign® 10 disc-shaped specimens. 131

Figure 4.2.9 Linear and logarithmic regression analyses: The cell density
measurements determined without trypsin using the trypan blue dye assay for TR146 
cells following indirect exposure to the 1-14 day immersion solutions o f  the polished 
d.Sign® 15 disc-shaped specimens. 133

Figure 4.2.10 Linear and logarithmic regression analyses: The cell density
measurements determined without trypsin using the trypan blue dye assay for TR146 
cells following indirect exposure to the 1-14 day immersion solutions o f  the polished 
d.Sign®30 disc-shaped specimens. 136

Figure 4.2.11 Boxplot analysis o f  IL - la  inflammatory cytokine expression (in 

pg/mL) from the untreated control and following direct and indirect exposure o f  the
polished disc-shaped specimens at 24 h. 140

Figure 4.2.12 Boxplot analysis o f  IL-8 inflammatory cytokine expression (in pg/mL) 
from the untreated control and following direct and indirect exposure o f  the polished 
disc-shaped specimens at 24 h. 143

Figure 4.2.13 Boxplot analysis o f  PGE2 inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct and indirect exposure o f  the
polished disc-shaped specimens at 24 h. 146

Figure 4.2.14 Boxplot analysis o f  TNF-a inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct and indirect exposure o f  the 
polished disc-shaped specimens at 24 h. 149



Figure 4.2.15 Linear regression analyses: The cellular metabolic activity results for 
the TR146 cells following indirect exposure to the 1-14 day immersion solutions of 
the polished d.Sign® 10 disc-shaped specimens. 154

Figure 4.2.16 Linear regression analyses: The cellular metabolic activity results for 
the TR146 cells following indirect exposure to the 1-14 day immersion solutions of 
the polished d.Sign® 15 disc-shaped specimens. 156

Figure 4.2.17 Linear regression analysis: The cellular metabolic activity results for 
the TR146 cells following indirect exposure to the 1-14 day immersion solutions of 
the polished d.Sign®30 disc-shaped specimens. 158

Figure 4.2.18 Linear regression analyses: The cellular toxicity results for the TR146 
cells following indirect exposure to the 1-14 day immersion solutions o f the polished 
d.Sign®10 disc-shaped specimens. 162

Figure 4.2.19 Linear regression analyses: The cellular toxicity results for the TR146 
cells following indirect exposure to the 1-14 day immersion solutions o f the polished 
d.Sign® 15 disc-shaped specimens. 164

Figure 4.2.20 Linear regression analyses: The cellular toxicity results for the TR146 
cells following indirect exposure to the 1-14 day immersion solutions o f the polished 
d.Sign®30 disc-shaped specimens. 166

Figure 4.3.1 Visual assessment o f (a) >70% confluent TR146 cell monolayer 
structures incubated for 48 h and viewed under light microscopy and following direct 
exposure to the S. mutans-irealQd polished (b) d.Sign® 10, (c) d.Sign® 15 and (d) 
d.Sign®30 dental casting alloys. 179

Figure 4.3.2 Visual assessment o f >70% confluent TR146 cell monolayer structures 
incubated for 48 h and viewed under light microscopy following direct exposure to 
the C. albicans-treated polished (a) d.Sign® 10, (b) d.Sign® 15 and (c) d.Sign®30 dental 
casting alloys. 180

Figure 4.3.3 Visual assessment o f >70% confluent TR146 cell monolayer structures 
incubated for 48 h under light microscopy following direct exposure to the C. 
dubliniensis-treated polished (a) d.Sign®10, (b) d.Sign®15 and (c) d.Sign®30 disc
shaped specimens. 181

Figure 4.3.4 Visual assessment o f >70% confluent TR146 cell monolayer structures 
incubated for 48 h using light microscopy following indirect exposure to the 14 day 
immersion solutions o f the S. mutans-lreaied polished (a) d.Sign® 10, (b) d.Sign® 15 
and (c) d.Sign®30 alloys. 182



Figure 4.3.5 Visual assessment o f >70% confluent TR146 cell monolayer structures 
incubated for 48 h using light microscopy following indirect exposure to the 14 day 
immersion solutions o f  the C. albicans-iveaXQd polished (a) d.Sign® 10, (b) d.Sign® 15 
and (c) d.Sign®30 alloys. 183

Figure 4.3.6 Visual assessment o f >70% confluent TR146 cell monolayer structures 
incubated for 48 h using light microscopy following indirect exposure to the 14 day 
immersion solutions o f the C. du blin iensis-lreated  polished (b) d.Sign®10, (c) 
d.Sign® 15 and (c) d.Sign®30 alloys. 184

Figure 4.3.7 The TR146 cell density for the untreated control and following direct 
exposure to the polished (a) d.Sign®10, (b) d.Sign® 15 and (c) d.Sign®30 disc-shaped 
specimens pre-treated with S. mutans, C. albicans and C. dubliniensis for 2-72 h 
(exposure time). 186-187

Figure 4.3.8 The TR146 cell density measurements for the untreated control and 
following indirect exposure to the S. mutans-Xxtdiitd polished (a) d.Sign® 10, (b) 
d.Sign®15 and (c) d.Sign®30 immersion solutions o f 1-14 day immersion duration for 
2-72 h (exposure time). 195-196

Figure 4.3.9 The TR146 cell density measurements for the untreated control and 
following indirect exposure to the C. albicans-ir&aXed polished (a) d.Sign® 10, (b) 
d.Sign®15 and (c) d.Sign®30 immersion solutions o f 1-14 day immersion duration for 
2-72 h (exposure time). 197-198

Figure 4.3.10 The TR146 cell density measurements for the untreated control and 
following indirect exposure to the C. dubliniensis-Xr&a\Q.d polished (a) d.Sign®10, (b) 
d.Sign®15 and (c) d.Sign®30 immersion solutions o f 1, 5, 9 and 14 day immersion 
duration for 2-72 h (exposure time). 199-200

Figure 4.3.11 Boxplot analysis o f IL -la  inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct and indirect exposure o f the 
polished disc-shaped specimens pre-treated with S. mutans at 24 h. 216

Figure 4.3.12 Boxplot analysis o f IL -la  inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct and indirect exposure o f the 
polished disc-shaped specimens pre-treated with C. albicans at 24 h. 217

Figure 4.3.13 Boxplot analysis o f IL -la  inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct and indirect exposure o f the 
polished disc-shaped specimens pre-treated with C. dubliniensis at 24 h. 218



Figure 4.3.14 Boxplot analysis o f IL-8 inflammatory cytokine expression (in pg/mL) 
from the untreated control and following direct and indirect exposure of the polished 
disc-shaped specimens pre-treated with S. mutans at 24 h. 222

Figure 4.3.15 Boxplot analysis of IL-8 inflammatory cytokine expression (in pg/mL) 
from the untreated control and following direct and indirect exposure of the polished 
disc-shaped specimens pre-treated with C. albicans at 24 h. 223

Figure 4.3.16 Boxplot analysis of IL-8 inflammatory cytokine expression (in pg/mL) 
from the untreated control and following direct and indirect exposure of the polished 
disc-shaped specimens pre-treated with C. dubliniensis at 24 h. 224

Figure 4.3.17 Boxplot analysis of PGE2 inflammatory cytokine expression (in
pg/mL) from the untreated control and following direct and indirect exposure o f the 
polished disc-shaped specimens pre-treated with S. mutans at 24 h. 227

Figure 4.3.18 Boxplot analysis of PGE2 inflammatory cytokine expression (in
pg/mL) from the untreated control and following direct and indirect exposure of the 
polished disc-shaped specimens pre-treated with C. albicans at 24 h. 228

Figure 4.3.19 Boxplot analysis of PGE2 inflammatory cytokine expression (in
pg/mL) from the untreated control and following direct and indirect exposure of the 
polished disc-shaped specimens pre-treated with C. dubliniensis at 24 h. 229

Figure 4.3.20 Boxplot analysis of TNF-a inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct and indirect exposure of the 
polished disc-shaped specimens pre-treated with S. mutans at 24 h. 233

Figure 4.3.21 Boxplot analysis of TNF-a inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct and indirect exposure o f the 
polished disc-shaped specimens pre-treated with C. albicans at 24 h. 234

Figure 4.3.22 Boxplot analysis of TNF-a inflammatory cytokine expression (in
pg/mL) from the untreated control and following direct and indirect exposure of the 
polished disc-shaped specimens pre-treated with C. albicans at 24 h. 235

Figure 6.1 Schematic structural image of native human oral mucosa. 313

Figure 7.1 Schematic diagram of the oral mucosal model. 321

Figure 8.1.1 Visual assessment of the (a) untreated control at 10 days growth under
normal incubation conditions and following direct exposure to the polished (b)
d.Sign® 10, (c) d.Sign®! 5 and (d) d.Sign®30 dental casting alloys for 72 h. 330



Figure 8.1.2 The cell viability measurements determined using the alamar blue 
assay for the untreated control and following direct exposure to the polished dental 
casting alloys with increasing exposure times of 2-72 h. 331

Figure 8.1.3 Linear regression analysis: The cell viability measurements determined 
using the alamar blue assay for the untreated control with increasing incubation time 
(2-72 h). 332

Figure 8.1.4 Boxplot analysis of IL -la  inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct exposure of the polished disc
shaped specimens at 2-72 h. 336

Figure 8.1.5 Boxplot analysis of IL-8 inflammatory cytokine expression (in pg/mL) 
from the untreated control and following direct exposure of the polished disc-shaped 
specimens at 2-72 h. 339

Figure 8.1.6 Boxplot analysis of PGE2 inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct exposure of the polished disc
shaped specimens at 2-72 h. 342

Figure 8.1.7 Boxplot analysis of TNF-a inflammatory cytokine expression (in 
pg/mL) from the untreated control and following direct exposure of the polished disc
shaped specimens at 2-72 h. 345

Figure 8.1.8 The cellular toxicity results determined for the Triton-X treated control 
and following direct exposure to the polished dental casting alloys with increasing 
exposure times (2-72 h). 349

Figure 8.1.9 Linear regression analysis: The cellular toxicity results determined for 
the Triton-X treated control as exposure time increased (2-72 h). 350

Figure 8.1.10 The oxidative stress responses determined (in |iM GSH/mL) for the 
untreated control and following direct exposure to the polished disc-shaped specimens 
with increasing exposure times (2-72 h). 353

Figure 8.1.11 Linear regression analysis: The oxidative stress responses determined 
for the untreated control as incubation time increased from 2-72 h. 354

Figure 8.2.1 Visual assessment of the (a) untreated control at 10 days growth under 
normal incubation conditions and following indirect exposure to the 14 day 
immersion solutions of the polished (b) d.Sign®10, (c) d.Sign®15 and (d) d.Sign®30 
dental casting alloys for 72 h. 362



Figure 8.2.2 The cell viability measurements determined using the alamar blue 
assay for the untreated control and following indirect exposure to the 1-14 day 
immersion solutions o f  the polished (a) d.Sign® 10, (b) d.Sign®15 and (c) d.Sign®30 
dental casting alloys with increasing exposure times (2-72 h). 364

Figure 8.2.3 Linear regression analysis: The cell viability measurements for the oral 
mucosal models following indirect exposure to the 1-14 day immersion solutions o f  
the polished d.Sign® 10 disc-shaped specimens. 366

Figure 8.2.4 Linear regression analysis: The cell viability measurements for the oral 
mucosal models following indirect exposure to the 1-14 day immersion solutions o f  
the polished d.Sign® 15 disc-shaped specimens. 368

Figure 8.2.5 Linear regression analysis: The cell viability measurements for the oral 
mucosal models following indirect exposure to the 1-14 day immersion solutions o f  
the polished d.Sign®30 disc-shaped specimens. 370

Figure 8.2.6 Boxplot analysis o f  IL -la  inflammatory cytokine expression (in 
pg/mL) from the untreated control and following indirect exposure o f  the polished 
immersion solutions at 24 h. 374

Figure 8.2.7 Boxplot analysis o f  lL-8 inflammatory cytokine expression (in pg/mL)
from the untreated control and following indirect exposure o f  the polished immersion 
solutions at 24 h. 377

Figure 8.2.8 Boxplot analysis o f  PGE2 inflammatory cytokine expression (in 
pg/mL) from the untreated control and following indirect exposure o f  the polished 
immersion solutions at 24 h. 380

Figure 8.2.9 Boxplot analysis o f  TNF-a inflammatory cytokine expression (in
pg/mL) from the untreated control and following indirect exposure o f  the polished 
immersion solutions at 24 h. 383

Figure 8.2.10 The cellular toxicity levels determined by measuring the release o f  the 
LDH enzyme for the Triton-X treated control and following indirect exposure to the 
1-14 day immersion solutions o f  the polished (a) d.Sign® 10, (b) d.Sign® 15 and (c) 
d.Sign®30 dental casting alloys with increasing exposure times (2-72 h). 387-388

Figure 8.2.11 Linear regression analysis: The cellular toxicity levels for the oral 
mucosal models following indirect exposure to the 1, 5, 9 and 14 day immersion 
solutions o f  the polished d.Sign® 10 disc-shaped specimens. 390



Figure 8.2.12 Linear regression analysis: The cellular toxicity levels for the oral 
mucosal models following indirect exposure to the 1, 5, 9 and 14 day immersion 
solutions o f the polished d.Sign® 15 disc-shaped specimens. 392

Figure 8.2.13 Linear regression analysis: The cellular toxicity levels for the oral 
mucosal models following indirect exposure to the 1-14 day immersion solutions o f 
the polished d.Sign®30 disc-shaped specimens. 394

Figure 8.2.14 The oxidative stress responses for the untreated control and following 
indirect exposure to the 1-14 day immersion solutions o f the polished (a) d.Sign 10, 
(b) d.Sign® 15 and (c) d.Sign®30 dental casting alloys with increasing exposure times 
o f 2-72 h. 397-398

Figure 8.2.15 Linear regression analysis: The oxidative stress responses for the oral 
mucosal models following indirect exposure to the 1-14 day immersion solutions o f 
the polished d.Sign® 10 disc-shaped specimens. 400

Figure 8.2.16 Linear regression analysis: The oxidative stress responses for the oral 
mucosal models following indirect exposure to the 1-14 day immersion solutions o f 
the polished d.Sign®!5 disc-shaped specimens. 402

Figure 8.2.17 Linear regression analysis: The oxidative stress responses for the oral 
mucosal models following indirect exposure to the 1-14 day immersion solutions of 
the polished d.Sign®30 disc-shaped specimens. 404



LIST OF TABLES

Table 3.1 Composition (in mass%) o f the two Ni-based (d.Sign 10 and
d.Sign® 15) and the Co-Cr (d.Sign®30) dental casting alloys used in the study. 23

Table 4.1.1 M ean Ra values (fim) with associated standard deviation and the
minimum and maximum Ra values as determined for d.Sign® 10 in (a) an alumina
particle air abraded and (b) a polished surface finishing condition. 43

Table 4.1.2 Linear regression analysis: The cell density results determined with 
trypsin using the trypan blue dye assay for the untreated control as incubation time 
increased from 2-72 h. 49

Table 4.1.3 Logarithmic regression analysis: The control TR146 cell density
results determined with trypsin using the trypan blue dye assay for the untreated 
control as incubation time increased from 2-72 h. 50

Table 4.1.4 One-way ANOVA of the pooled cell density results (direct exposure) 
for the untreated control and the alumina particle air abraded and polished surface 
finishing conditions when using trypsin with the trypan blue dye exclusion assay.

54
Table 4. L5 Tukey’s post-hoc test o f the pooled cell density results when using 
trypsin with the trypan blue dye exclusion assay o f the untreated control compared 
with the TR146 cells following direct exposure to the alumina particle air abraded and 
polished surface finishing condition. 55

Table 4.1.6 Comparison o f the linear regression analysis data (equation o f  the line, 
r^, P values and df) for the cell density data obtained using the trypan blue dye assay 
with trypsin for the untreated control and following indirect exposure to the 1-14 day 
polished d.Sign®!0 immersion solutions at 2-72 h exposure times. 63

Table 4.1.7 Comparison o f the logarithmic regression analysis data for the cell 
density data obtained using the trypan blue dye assay with trypsin for the untreated 
control and following indirect exposure to the 1-14 day polished d.Sign® 10 
immersion solutions at 2-72 h exposure times. 63

Table 4.1.8 One-way ANOVA o f the pooled TR146 cell density results determined 
with trypsin using the trypan blue dye exclusion assay for the alumina particle air 
abraded and polished surface finishing conditions. 65

Table 4.1.9 Tukey’s post-hoc test o f pooled cell density measurements using 
trypsin with the trypan blue dye assay for the untreated control and following indirect 
exposure to immersion solutions o f alumina particle air abraded and polished disc
shaped specimens. 66



Table 4.1.10 Comparison o f linear regression analysis data for the total cell density 
data obtained using the trypan blue dye assay without trypsin for the untreated control 
and following direct exposure to the alumina particle air abraded and polished 
d.Sign® 10 disc-shaped specimens at 2-72 h exposure times. 69

Table 4.1.11 Comparison o f logarithmic regression analysis data for the total cell 
density data obtained using the trypan blue dye assay without trypsin for the untreated 
control and following direct exposure to the alumina particle air abraded and polished 
d.Sign® 10 disc-shaped specimens at 2-72 h exposure times. 70

Table 4.1.12 One-way ANOVA of the pooled TR146 cell density results determined 
without trypsin using the trypan blue dye assay for the untreated control following 
direct exposure to the alumina particle air abraded and polished d.Sign® 10 disc
shaped specimens. 71

Table 4.1.13 Tukey’s post-hoc tests o f the pooled TR146 cell density results without 
trypsin using the trypan blue dye exclusion assay for the untreated control and TR146 
cells following direct exposure to the alumina particle air abraded and polished 
d.Sign®10 surface finishing conditions. 71

Table 4.1.14 Comparison o f  linear regression analysis data for the cell density data 
obtained using the trypan blue dye assay without trypsin for the untreated control and 
following indirect exposure to the 1-14 day alumina particle air abraded d.Sign® 10 
immersion solutions at 2-72 h exposure times. 74

Table 4.1.15 Comparison o f logarithmic regression analysis data for the TR146 cell 
density data obtained using the trypan blue dye assay without trypsin for the untreated 
control and following indirect exposure to the 1-14 day alumina particle air abraded 
d.Sign® 10 immersion solutions at 2-72 h exposure times. 75

Table 4.1.16 Comparison o f linear regression analysis data for the TR146 cell 
density data obtained using the trypan blue dye assay without trypsin for the untreated 
control and following indirect exposure to the 1-14 day polished d.Sign® 10 
immersion solutions at 2-72 h exposure times. 77

Table 4.1.17 Comparison o f logarithmic regression analysis data for the TR146 cell 
density data obtained using the trypan blue dye assay without trypsin for the untreated 
control and following indirect exposure to the 1-14 day polished d.Sign® 10 
immersion solutions at 2-72 h exposure times. 78

Table 4.1.18 One-way ANOVA of the pooled TR146 cell density results determined 
without trypsin using the trypan blue dye assay for the alumina particle air abraded 
and polished surface finishing conditions. 80



Table 4.1.19 Tukey’s post-hoc tests o f  the pooled TR146 cell density results without 
trypsin using the trypan blue dye exclusion assay for the untreated control and 
follow ing indirect exposure to the alumina particle air abraded and polished  
d.Sign®10 immersion solutions. 80

Table 4.1.20 Two-way AN O V A o f  the pooled IL -la  inflammatory cytokine 
expression results o f  the TR146 cells for the alumina particle air abraded and polished  
surface finishing conditions and direct and indirect exposure methods. 83

Table 4.1.21 Tukey’s post-hoc test o f  the pooled IL -la  inflammatory cytokine 
expression results by the TR146 cells o f  the untreated control and the alumina particle 
air abraded and polished surface finishing conditions. 84

Table 4.1.22 A student’s t-test comparison o f  direct and indirect exposure methods 
o f  the pooled IL -la  inflammatory cytokine expression results by TR146 cells treated 
with the d.Sign® 10 disc-shaped specimens in the alumina particle air abraded and 
polished surface finishing conditions. 84

Table 4.1.23 Two-way AN O V A o f  the pooled IL-8 inflammatory cytokine 
expression results o f  the TR146 cells for the alumina particle air abraded and polished 
surface finishing conditions and direct and indirect exposure methods. 86

Table 4.1.24 Tukey’s post-hoc test o f  the pooled IL-8 results o f  the TR146 cells o f  
the untreated control and the alumina particle air abraded and polished surface 
finishing conditions. 87

Table 4.1.25 A student’s t-test comparison o f  direct and indirect exposure methods 
o f  the pooled IL-8 inflammatory cytokine expression results by TR146 cells treated 
with the d.Sign® 10 disc-shaped specimens in the alumina particle air abraded and 
polished surface finishing conditions. 87

Table 4.1.26 Two-way AN O V A  o f  the pooled PGE2 inflammatory cytokine 
expression results by the TR146 cells for alumina particle air abraded and polished 
surface finishing conditions and direct and indirect exposure methods. 89

Table 4.1.27 Tukey’s post-hoc test o f  the pooled PGE2 cytokine expression results 
from the TR146 cells for the untreated control and the alumina particle air abraded 
and polished surface finishing conditions. 90

Table 4.1.28 A student’s t-test comparison o f  direct and indirect exposure methods 
o f  the pooled PGE2 inflammatory cytokine expression results by TR146 cells treated 
with the d.Sign® 10 disc-shaped specimens in the alumina particle air abraded and 
polished surface finishing conditions. 90



Table 4.1.29 Two-way ANOVA o f the pooled TNF-a inflammatory cytokine 
expression results for the TR146 cells treated with the alumina particle air abraded 
and polished surface finishing conditions and indirect exposure methods. 92

Table 4.1.30 Tukey’s post-hoc test o f the pooled TNF-a cytokine expression results 
by the TR146 cells for the untreated control and the alumina particle air abraded and 
polished surface finishing conditions. 93

Table 4.1.31 A student’s t-test comparison o f direct and indirect exposure methods 
o f the pooled TN F-a inflammatory cytokine expression results by TR146 cells treated 
with the d.Sign® 10 disc-shaped specimens in the alumina particle air abraded and 
polished surface finishing conditions. 93

Table 4.1.32 Comparison o f linear regression analysis data for the total cellular 
metabolic activity results for the untreated control and following indirect exposure o f 
the TR146 cells to the 1-14 day alumina particle air abraded d.Sign®10 immersion 
solutions at 2-72 h exposure times. 95

Table 4.1.33 Comparison o f linear regression analysis data for the total cellular 
metabolic activity results for the untreated control and following indirect exposure of 
the TR146 cells to the 1-14 day polished d.Sign® 10 immersion solutions at 2-72 h 
exposure times. 97

Table 4.1.34 One-way ANOVA o f the pooled TR146 cellular metabolic activity 
results determined following indirect exposure for alumina particle air abraded and 
polished surface finishing conditions. 99

Table 4.1.35 Tukey’s post-hoc test o f the pooled cellular metabolic activity results 
by the TR146 cells for the untreated control and the alumina particle air abraded and 
polished surface finishing conditions. 100

Table 4.1.36 Comparison o f linear regression analysis data for the total cellular 
toxicity results for the Triton-X treated control and following indirect exposure o f the 
TR146 cells to the 1-14 day alumina particle air abraded d.Sign® 10 immersion 
solutions at 2-72 h exposure times. 102

Table 4.1.37 Comparison o f linear regression analysis data for the total cellular 
toxicity results for the Triton-X treated control and following indirect exposure o f  the 
TR146 cells to the 1-14 day poUshed d.Sign®10 immersion solutions at 2-72 h 
exposure times. 104



Table 4.1.38 One-way ANOVA o f the pooled TR146 cellular toxicity results for the 
Triton-X treated control and following indirect exposure o f the alumina particle air 
abraded and polished surface finishing conditions. 106

Table 4.1.39 Tukey’s post-hoc test o f the pooled cellular toxicity data o f the Triton- 
X treated control and the alumina particle air abraded and polished surface finishing 
conditions. 107

Table 4.1.40 ICP-MS analysis o f the 1-14 day immersion solutions for the alumina 
particle air abraded and polished Ni-based d.Sign® 10 disc-shaped specimen surface 
finishing conditions. 109

Table 4.2.1 Mean Ra values (|am) with associated standard deviation and the 
minimum and maximum Ra values as determined for (a) d.Sign®10, (b) d.Sign®15 
and (c) d.Sign®30 in the polished surface finishing condition. 117

Table 4.2.2 Comparison o f the linear regression analysis data for the total cell 
density data obtained using the trypan blue dye assay without trypsin for the untreated 
control and following direct exposure to the polished disc-shaped specimens at 2-72 h 
exposure times. 124

Table 4.2.3 Comparison o f the logarithmic regression analysis data for the total 
cell density data obtained using the trypan blue dye assay without trypsin for the 
untreated control and following direct exposure to the polished disc-shaped specimens 
at 2-72 h exposure times. 125

Table 4.2.4 One-way ANOVA o f the pooled TR146 cell density results determined 
without trypsin using the trypan blue dye assay for the untreated control following 
direct exposure to the polished dental casting alloys. 126

Table 4.2.5 Tukey’s post-hoc test resuks o f the pooled TR146 cell density results 
for the untreated control and following direct exposure to the polished disc-shaped 
specimens. 126

Table 4.2.6 Comparison o f the linear regression analysis data for the cell density 
data obtained using the trypan blue dye assay without trypsin for the untreated control 
and following indirect exposure to 1-14 day polished d.Sign® 10 immersion solutions 
at 2-72 h exposure times. 129

Table 4.2.7 Comparison o f the logarithmic regression analysis data for the cell 
density data obtained using the trypan blue dye assay without trypsin for the untreated 
control and following indirect exposure to 1-14 day polished d.Sign®10 immersion 
solutions at 2-72 h exposure times. 130



Table 4.2.8 Comparison o f  the linear regression analysis data for the cell density 
data obtained using the trypan blue dye assay without trypsin for the untreated control 
and following indirect exposure to the 1-14 day polished d.Sign® 15 immersion 
solutions at 2-72 h exposure times. 132

Table 4.2.9 Comparison o f the logarithmic regression analysis data for the cell 
density data obtained using the trypan blue dye assay without trypsin for the untreated 
control and following indirect exposure to the 1-14 day polished d.Sign 15 
immersion solutions at 2-72 h exposure times. 132

Table 4.2.10 Comparison o f the linear regression analysis data for the cell density 
data obtained using the trypan blue dye assay without trypsin for the untreated control 
and following indirect exposure to the 1-14 day polished d.Sign 30 immersion 
solutions at 2-72 h exposure times. 134

Table 4.2.11 Comparison o f the logarithmic regression analysis data for the cell 
density data obtained using the trypan blue dye assay without trypsin for the untreated 
control and following indirect exposure to the 1-14 day polished d.Sign 30 
immersion solutions at 2-72 h exposure times. 135

Table 4.2.12 One-way ANOVA of the pooled TR146 cell density results determined 
without trypsin using the trypan blue dye assay for the polished dental casting alloy.

137

Table 4.2.13 Tukey’s post-hoc tests o f the pooled TR146 cell density results without 
trypsin using the trypan blue dye exclusion assay for the untreated control and 
following indirect exposure to the polished immersion solutions. 138

Table 4.2.14 A student’s t-test comparison o f direct and indirect exposure methods 
of the pooled cell density results by the TR146 cells treated with the polished dental 
casting alloys. 138

Table 4.2.15 Two-way ANOVA of the pooled IL -la  inflammatory cytokine 
expression results for the TR146 cells treated with the polished disc-shaped 
specimens at 24 h. 141

Table 4.2.16 Tukey’s post-hoc test o f the pooled IL -la  cytokine expression results 
for the untreated control and the polished dental casting alloys. 142

Table 4.2.17 A student’s t-test comparison o f direct and indirect exposure methods 
o f the pooled IL -la  inflammatory cytokine expression results by TR146 cells treated 
with polished disc-shaped specimens. 142



Table 4.2.18 Two-way ANOVA o f the pooled IL-8 inflammatory cytokine 
expression results for the TR146 cells treated with the polished disc-shaped 
specimens at 24 h. 144

Table 4.2.19 Tukey’s post-hoc test o f the pooled IL-8 cytokine expression results for 
the TR146 cells for the untreated control and polished disc-shaped specimens. 145

Table 4.2.20 A student’s t-test comparison o f direct and indirect exposure methods 
o f  the pooled IL-8 cytokine expression results for the TR146 cells treated with the 
polished disc-shaped specimens. 145

Table 4.2.21 Two-way ANOVA o f the pooled PGE2 inflammatory cytokine 
expression results for the TR146 cells treated with the polished disc-shaped 
specimens at 24 h. 147

Table 4.2.22 I ’ukey’s post-hoc test o f the pooled PGE 2 cytokine expression results 
for the TR146 cells for the untreated control and the polished disc-shaped specimens.

148

Table 4.2.23 A student’s t-test comparison o f direct and indirect exposure methods 
o f  the pooled PGE2 cytokine expression results for the TR146 cells treated with the 
polished disc-shaped specimens. 148

Table 4.2.24 Two-way ANOVA o f the pooled TNF-a inflammatory cytokine 
expression results for the TR146 cells treated with the polished disc-shaped 
specimens at 24 h. 150

Table 4.2.25 Tukey’s post-hoc test o f the pooled TNF-a cytokine expression results 
for the TR146 cells for the untreated control and the polished disc-shaped specimens.

151

Table 4.2.26 A student’s t-test comparison o f direct and indirect exposure methods 
o f  the pooled TN F-a inflammatory cytokine expression results for the TR146 cells 
treated with the polished disc-shaped specimens. 151

Table 4.2.27 Comparison o f linear regression analysis data for the total cellular 
metabolic activity results for the untreated control and following indirect exposure to 
the 1-14 day polished d.Sign®10 immersion solutions at 2-72 h. 153

Table 4.2.28 Comparison o f linear regression analysis data for total cellular 
metabolic activity results for the untreated control and following indirect exposure to 
the 1-14 day polished d.Sign®15 immersion solutions at 2-72 h. 155



Table 4.2.29 Comparison o f  linear regression analysis data for the total cellular 
metabolic activity results for the untreated control and following indirect exposure to 
the 1-14 day polished d.Sign®30 immersion solutions at 2-72 h. 157

Table 4.2.30 One-way ANOVA o f the pooled cellular metabolic activity results by
the untreated control and following indirect exposure to the polished dental casting 
alloys. 159

Table 4.2.31 Tukey’s post-hoc tests o f the pooled TR146 cellular metabolic activity
results for the untreated control and following indirect exposure to the polished 
immersion solutions. 160

Table 4.2.32 Comparison o f linear regression analysis data for the total cellular
toxicity resuhs for the Triton-X treated control and following indirect exposure to the 
1-14 day polished d.Sign® 10 immersion solutions at 2-72 h. 161

Table 4.2.33 Comparison o f linear regression analysis data for the total cellular
toxicity results for the Triton-X treated control and following indirect exposure to the 
1-14 day polished d.Sign® 15 immersion solutions at 2-72 h. 163

Table 4.2.34 Comparison o f linear regression analysis data for the total cellular
toxicity results for the Triton-X treated control and following indirect exposure to the 
1-14 day polished d.Sign®30 immersion solutions at 2-72 h. 165

Table 4.2.35 One-way ANOVA o f the pooled TR146 cellular toxicity results for the 
Triton-X treated control and following indirect exposure o f the polished disc-shaped 
specimens. 167

Table 4.2.36 Tukey’s post-hoc test o f the pooled cellular toxicity data for the Triton-
X treated control and the polished disc-shaped specimens. 168

Table 4.2.37 ICP-MS analysis o f the 1, 7 and 14 day immersion solutions for the
polished disc-shaped specimens. 170

Table 4.3.1 Comparison o f the linear regression analysis for the cell density
measurements for the untreated control and following direct exposure to the polished
dental casting alloys pre-treated with the oral microorganisms at 2-72 h. 190

Table 4.3.2 Comparison o f the logarithmic regression analysis data for the cell
density measurements for the untreated control and following direct exposure to the 
polished dental casting alloys pre-treated with oral microorganisms at 2-72 h 
(exposure time). 191



Table 4.3.3 Three-way ANOVA o f the pooled TR146 cell density measurements 
determined without trypsin using the trypan blue dye exclusion assay for the untreated 
control and following direct exposure to oral microorganism-treated polished disc
shaped specimens for 2-72 h. 193

Table 4.3.4 Tukey’s post-hoc test o f pooled cell density measurements for the 
untreated control and following direct exposure to the oral microorganism -treated 
polished dental casting alloys. 194

Table 4.3.5 Comparison o f the linear regression analysis data for the cell density 
measurements for the untreated control and following indirect exposure to the 1-14 
day immersion solutions o f the polished d.Sign® 10 alloy pre-treated with oral 
microorganisms at 2-72 h (exposure time). 202

Table 4.3.6 Comparison o f the logarithmic regression analysis data for the cell 
density measurements for the untreated control and following indirect exposure to the 
1-14 day immersion solutions o f the polished d.Sign® 10 alloy pre-treated with oral 
microorganisms at 2-72 h (exposure time). 203

Table 4.3.7 Comparison o f the linear regression analysis for the cell density 
measurements for the untreated control and following indirect exposure to the 1-14 
day immersion solutions o f the polished d.Sign® 15 alloy pre-treated with oral 
microorganisms at 2-72 h (exposure time). 206

Table 4.3.8 Comparison o f the logarithmic regression analysis data for the cell 
density measurements for the untreated control and following indirect exposure to the
1-14 day immersion solutions o f the polished d.Sign®15 alloy pre-treated with oral 
microorganisms at 2-72 h (exposure time). 207

Table 4.3.9 Comparison o f the linear regression analysis data for the cell density 
for the untreated control and following indirect exposure to the 1-14 day immersion 
solutions o f the polished d.Sign®30 alloy pre-treated with oral microorganisms at 2-72 
h (exposure time). 209

Table 4.3.10 Comparison o f the logarithmic regression analysis data for the cell 
density measurements for the untreated control and following indirect exposure o f  to 
the 1-14 day immersion solutions o f  the polished d.Sign®30 alloy pre-treated with oral 
microorganisms at 2-72 h (exposure time). 210

Table 4.3.11 Four-way ANOVA of the pooled TR146 cell density measurements for 
the untreated control and following indirect exposure to the polished immersion 
solutions pre-treated with oral microorganisms with 1-14 day immersion solutions for
2-72 h. 212



Table 4.3.12 Tukey’s post-hoc tests o f  the pooled TR146 cell density measurements 
for the untreated control and following indirect exposure to the polished oral 
microorganism-treated alloy immersion solutions. 213

Table 4.3.13 A student’s t-test comparison o f  direct and indirect exposure methods 
o f  the pooled cell density measurements for the TR146 cells treated with the oral 
microorganism-treated polished dental casting alloys for 2-72 h. 214

Table 4.3.14 Three-way AN O V A  o f  the pooled IL -la  inflammatory cytokine 
expression results for the TR146 cells following direct and indirect exposure 
(Exposure) to the polished disc-shaped specimens pre-treated with the oral 
microorganisms at 24 h. 219

Table 4.3.15 Tukey’s post-hoc test o f  the pooled IL -la  cytokine expression results 
by the TR146 cells for the untreated control and the oral microorganism-treated 
polished dental casting alloys. 220

Table 4.3.16 A student’s-t-test comparison o f  the pooled IL -la  inflammatory 
cytokine expression results for direct and indirect exposure methods. 221

Table 4.3.17 Three-way AN O V A  o f  the pooled IL-8 inflammatory cytokine 
expression results for the TR146 cells following direct and indirect exposure to the 
polished disc-shaped specimens pre-treated with the oral microorganisms at 24 h. 225

Table 4.3.18 Tukey’s post-hoc test o f  the pooled IL-8 cytokine expression results by 
the TR146 cells for the untreated control and the oral microorganism-treated polished 
dental casting alloys. 226

Table 4.3.19 A student’s-t-test comparison o f  the pooled IL-8 inflammatory 
cytokine expression results for the direct and indirect exposure methods. 226

Table 4.3.20 Three-way AN O V A o f  the pooled PGE2 inflammatory cytokine 
expression results for the TR146 cells following direct and indirect exposure to the 
polished disc-shaped specimens pre-treated with the oral microorganisms at 24 h. 230

Table 4.3.21 Tukey’s post-hoc test o f  the pooled PGE2 cytokine expression results 
by the TR146 cells for the untreated control and the oral microorganism-treated 
polished dental casting alloys. 231

Table 4.3.22 A  student’s-t-test comparison o f  the pooled PGE2 inflammatory 
cytokine expression results for the direct and indirect exposure methods. 232



Table 4.3.23 Three-way ANOVA o f the pooled TN F-a inflammatory cytokine 
expression results for the TR146 cells following direct and indirect exposure to the 
polished disc-shaped specimens pre-treated with the oral microorganisms at 24 h. 236

Table 4.3.24 Tukey’s post-hoc test o f  the pooled TN F-a cytokine expression results 
by the TR146 cells for the untreated control and the oral microorganism-treated 
polished dental casting alloys. 237

Table 4.3.25 A student’s-t-test comparison o f the pooled TN F-a inflammatory 
cytokine expression results for direct and indirect exposure methods. 238

Table 4.3.26 Comparison o f the linear regression analysis data for the cellular 
metabolic activity results for the untreated control and following indirect exposure to 
the 1-14 day immersion solutions o f the polished d.Sign® 10 immersion solutions pre
treated with the oral microorganisms at 2-72 h. 241

Table 4.3.27 Two-way ANOVA o f the pooled cellular metabolic activity results for 
the untreated control and following indirect exposure o f the oral microorganism- 
treated polished d.Sign® 10 immersion solutions. 242

Table 4.3.28 Tukey’s post-hoc tests o f the pooled cellular metabolic activity results 
for the untreated control and following indirect exposure to the oral microorganism- 
treated polished d.Sign® 10 immersion solutions. 242

Table 4.3.29 Comparison o f the linear regression analysis data for the cellular 
metabolic activity results for the untreated control and following indirect exposure to 
the 1-14 day immersion solutions o f the polished d.Sign®15 immersion solutions pre
treated with the oral microorganisms at 2-72 h (exposure time). 244

Table 4.3.30 Two-way ANOVA o f the pooled cellular metabolic activity results for 
the untreated control and following indirect exposure to the oral microorganism- 
treated polished d.Sign®15 immersion solutions. 245

Table 4.3.31 Tukey’s post-hoc tests o f  the pooled cellular metabolic activity results 
for the untreated control and following indirect exposure to the oral microorganism- 
treated polished d.Sign® 15 immersion solutions. 245

Table 4.3.32 Comparison o f the linear regression analysis data for the cellular 
metabolic activity results for the untreated control and following indirect exposure to 
the 1-14 day immersion solutions o f the polished d.Sign®30 immersion solutions pre
treated with the oral microorganisms at 2-72 h. 247



Table 4.3.33 Two-way ANOVA o f the pooled cellular metabolic activity results for 
the untreated control and following indirect exposure to the oral microorganism- 
treated polished d.Sign®30 immersion solutions. 248

Table 4.3.34 Tukey’s post-hoc tests o f the pooled cellular metabolic activity results 
for the untreated control TR146 cells and following indirect exposure to the oral 
microorganism-treated polished d.Sign®30 immersion solutions. 248

Table 4.3.35 Comparison o f the linear regression analysis data for the cellular 
toxicity results o f the Triton-X treated control and following indirect exposure to the 
1-14 day immersion solutions o f the polished d.Sign® 10 immersion solutions pre
treated with the oral microorganisms at 2-72 h (exposure time). 251

Table 4.3.36 One-way ANOVA of the pooled cellular toxicity results for the Triton- 
X treated control and following indirect exposure to the oral microorganism-treated 
polished d.Sign®10 immersion solutions. 252

Table 4.3.37 Tukey’s post-hoc tests o f the pooled cellular toxicity results for the 
Triton-X treated control and following indirect exposure to the oral microorganism- 
treated polished d.Sign® 10 immersion solutions. 252

Table 4.3.38 Comparison o f the linear regression analysis data for the cellular 
toxicity results o f the Triton-X treated control and following indirect exposure to the 
1-14 day immersion solutions o f the polished d.Sign®15 immersion solutions pre
treated with the oral microorganisms at 2-72 h. 254

Table 4.3.39 One-way ANOVA o f the pooled cellular toxicity results for the Triton- 
X treated control and following indirect exposure to the oral microorganism-treated 
polished d.Sign® 15 immersion solutions. 255

Table 4.3.40 Tukey’s post-hoc tests o f the pooled cellular toxicity results for the 
Triton-X treated control and following indirect exposure to the oral microorganism- 
treated polished d.Sign® 15 immersion solutions. 255

Table 4.3.41 Comparison o f the linear regression analysis data for the cellular 
toxicity results o f the Triton-X treated control and following indirect exposure to the 
1-14 day immersion solutions o f the polished d.Sign®30 immersion solutions pre- 
treated with the oral microorganisms at 2-72 h (exposure time). 257

Table 4.3.42 One-way ANOVA o f the pooled cellular toxicity results for the Triton- 
X treated control and following indirect exposure to the oral microorganism-treated 
polished d.Sign®30 immersion solutions. 258



Table 4.3.43 Tukey’s post-hoc tests o f  the pooled cellular toxicity results for the 
Triton-X treated control and following indirect exposure to oral microorganism- 
treated polished d.Sign®30 immersion solutions. 258

Table 4.3.44 ICP-MS analysis o f  the 1-14 day immersion solutions for the polished 
disc-shaped specimens pre-treated with S. mutans. 260

Table 4.3.45 A student’s t-test comparison o f  the pooled cell density measurements 
following direct exposure to the S. /??w/a«5-treated dental casting alloys or without oral 
microorganism treatment. 262

Table 4.3.46 A student’s t-test comparison o f  the pooled cell density measurements 
following direct exposure to the C. albicans-irQaiQd dental casting alloys or without 
oral microorganism treatment. 262

Table 4.3.47 A student’s t-test comparison o f  the pooled cell density measurements 
following direct exposure to the C. dubliniensis-Xxcdiicdi dental casting alloys or 
without oral microorganism treatment. 262

Table 4.3.48 A student’s t-test comparison o f  the pooled cell density measurements 
following indirect exposure to the oral microorganism-treated d.Sign® 10 immersion 
solutions or the non-treated alloy immersion solutions. 263

Table 4.3.49 A student’s t-test comparison o f  the pooled cell density measurements
• * *following indirect exposure to the oral microorganism-treated d.Sign 15 immersion 

solutions or the non-treated alloy immersion solutions. 264

Table 4.3.50 A student’s t-test comparison o f  the pooled cell density measurements 
following indirect exposure to the S. mutans-ixeaied  d.Sign®30 immersion solutions or 
the non-treated alloy immersion solutions. 264

Table 4.3.51 A student’s t-test comparison o f  the pooled IL -la  inflammatory
cytokine expression following direct exposure o f  the oral microorganism treated 
dental casting alloys and indirect exposure to the oral microorganism treated alloy 
immersion solutions compared with the non-treated alloys. 265

Table 4.3.52 A student’s t-test comparison o f  the pooled IL-8 inflammatory
cytokine expression following direct exposure o f  the oral microorganism treated 
dental casting alloys and indirect exposure to the oral microorganism treated alloy  
immersion solutions compared with the non-treated alloys. 266

Table 4.3.53 A student’s t-test comparison o f  the pooled PGE2 inflammatory 
cytokine expression following direct exposure o f  the oral microorganism treated



dental casting alloys and indirect exposure to the oral microorganism treated alloy 
immersion solutions compared with the non-treated alloys. 267

Table 4.3.54 A student’s t-test comparison o f the pooled TNF-a inflammatory 
cytokine expression following direct exposure o f the oral microorganism-treated 
dental casting alloys and indirect exposure to the oral microorganism treated alloy 
immersion solutions compared with the non-treated alloys. 268

Table 4.3.55 A student’s t-test comparison o f the pooled cellular metabolic data 
following indirect exposure o f  the oral microorganism treated d.Sign® 10 immersion 
solutions compared with the non-treated alloy immersion solutions. 269

Table 4.3.56 A student’s t-test comparison o f the pooled cellular metabolic data 
following indirect exposure o f  the oral microorganism-treated d.Sign 15 immersion 
solutions compared with the non-treated alloy immersion solutions. 269

Table 4.3.57 A student’s t-test comparison o f the pooled cellular metabolic data 
following indirect exposure o f the oral microorganism treated d.Sign 30 immersion 
solutions compared with the non-treated alloy immersion solutions. 270

Table 4.3.58 A student’s t-test comparison o f the pooled cellular toxicity levels 
following indirect exposure o f  the oral microorganism treated d.Sign 10 immersion 
solutions compared with the non-treated alloy immersion solutions. 271

Table 4.3.59 A student’s t-test comparison o f the pooled cellular toxicity levels 
following indirect exposure o f  the oral microorganism-treated d.Sign®! 5 immersion 
solutions compared with the non-treated alloy immersion solutions. 271

Table 4.3.60 A student’s t-test comparison o f the pooled cellular toxicity levels 
following indirect exposure o f the oral microorganism-treated d.Sign®30 immersion 
solutions compared with the non-treated alloy immersion solutions. 271

Table 8.1.1 Comparison o f  the linear regression analysis data for the cell viability
measurements obtained using the alamar blue assay for the untreated control and
following direct exposure to the polished disc-shaped specimens at 2-72 h exposure 
times. 333

Table 8.1.2 One-way ANOVA o f the pooled cell viability measurements 
determined using the alamar blue assay for the untreated control and following direct 
exposure to the polished dental casting alloys. 334

Table 8.1.3 Tukey’s post-hoc tests o f the oral mucosal model cell viability 
measurements using the alamar blue assay for the untreated control and following 
direct exposure to the polished disc-shaped specimens. 334



Table 8.1.4 Comparison of the linear regression analysis data for the IL -la  
inflammatory cytokine expression for the untreated control and following direct 
exposure to the polished disc-shaped specimens at 2-72 h exposure times. 337

Table 8.1.5 One-way ANOVA of the pooled IL -la  inflammatory cytokine
expression data for the untreated control and following direct exposure to the polished 
disc-shaped specimens at 2-72 h. 338

Table 8.1.6 Tukey’s post-hoc tests of the pooled IL -la  cytokine expression data 
for the untreated control and the polished disc-shaped specimens. 338

Table 8.1.7 Comparison of the linear regression analysis data for the IL-8 
inflammatory cytokine expression for the untreated control and following direct 
exposure to the polished disc-shaped specimens at 2-72 h exposure times. 340

Table 8.1.8 One-way ANOVA of the pooled lL-8 inflammatory cytokine
expression data for the untreated control and following direct exposure to the polished 
disc-shaped specimens at 2-72 h. 341

Table 8.1.9 Tukey’s post-hoc test of the pooled IL-8 cytokine expression data for 
the untreated control and the polished disc-shaped specimens. 341

Table 8.1.10 Comparison of the linear regression analysis data for the PGE2 

inflammatory cytokine expression for the untreated control and following direct 
exposure to the polished disc-shaped specimens at 2-72 h exposure times. 343

Table 8.1.11 One-way ANOVA of the pooled PGE2 inflammatory cytokine
expression data for the untreated control and following direct exposure to the polished 
disc-shaped specimens at 2-72 h. 344

Table 8.1.12 Tukey’s post-hoc test of the pooled PGE2 cytokine expression data for 
the untreated control and the polished disc-shaped specimens. 344

Table 8.1.13 Comparison of the linear regression analysis data for the TNF-a 
inflammatory cytokine expression for the untreated control and following direct 
exposure to the polished disc-shaped specimens at 2-72 h exposure times. 346

Table 8.1.14 One-way ANOVA of the pooled TNF-a inflammatory cytokine
expression data for the untreated control and following direct exposure to the polished 
disc-shaped specimens at 24 h. 347

Table 8.1.15 Tukey’s post-hoc test of the pooled TNF-a cytokine expression data 
for the untreated control and the polished disc-shaped specimens. 347



Table 8.1.16 Comparison of the linear regression analysis data for the cellular 
toxicity results for the Triton-X treated control and following direct exposure to the 
polished disc-shaped specimens at 2-72 h exposure times. 351

Table 8.1.17 One-way ANOVA of the pooled cellular toxicity results for the Triton- 
X treated control and following direct exposure of the polished disc-shaped 
specimens. 352

Table 8.1.18 Tukey’s post-hoc test of the pooled cellular toxicity data for the Triton- 
X treated control and the polished disc-shaped specimens. 352

Table 8.1.19 Comparison of the linear regression analysis data for the oxidative 
stress responses for the untreated control and following direct exposure to the 
polished disc-shaped specimens at 2-72 h exposure times. 355

Table 8.1.20 One-way ANOVA of the pooled oxidative stress responses for the 
untreated control and following direct exposure of the polished disc-shaped 
specimens. 356

Table 8.1.21 Tukey’s post-hoc test of the pooled oxidative stress responses for the 
untreated control and the polished disc-shaped specimens. 356

Table 8.2.1 Comparison of the linear regression analysis data for the cell viability 
measurements for the untreated control and following indirect exposure to the 
polished d.Sign® 10 immersion solutions of 1-14 day duration at 2-72 h exposure 
times. 365

Table 8.2.2 Comparison of the linear regression analysis data for the cell viability 
measurements for the untreated control and following indirect exposure to the 
polished d.Sign®15 immersion solutions of 1-14 day duration at 2-72 h exposure 
times. 367

Table 8.2.3 Comparison of the linear regression analysis data for the cell viability 
measurements for the untreated control and following indirect exposure to the 
polished d.Sign®30 immersion solutions of 1-14 day duration at 2-72 h exposure 
times. 369

Table 8.2.4 One-way ANOVA of the pooled cell viability measurements for the 
untreated control and following indirect exposure to the polished dental casting alloys.

371

Table 8.2.5 Tukey’s post-hoc tests of the pooled oral mucosal model cell viability 
measurements for the untreated control and following indirect exposure to the 
polished dental casting alloys. 372



Table 8.2.6 Comparison o f the linear regression analysis data for the IL -la
inflammatory cytokine expression following indirect exposure to the polished 
immersion solutions o f 1-14 day duration at 24 h exposure time. 375

Table 8.2.7 One-way ANOVA o f the pooled IL -la  inflammatory cytokine
expression for the untreated control and following indirect exposure to the polished 
immersion solutions at 24 h. 376

Table 8.2.8 Tukey’s post-hoc tests o f the pooled IL - la  cytokine expression for the
untreated control and the polished immersion solutions. 376

Table 8.2.9 Comparison o f the linear regression analysis for the IL-8 inflammatory 
cytokine expression following indirect exposure to the polished immersion solutions 
o f 1, 5, 9 and 14 day duration at 24 h exposure time. 378

Table 8.2.10 One-way ANOVA o f the pooled IL-8 inflammatory cytokine
expression for the untreated control and following indirect exposure to the polished 
immersion solutions at 24 h. 379

Table 8.2.11 Tukey’s post-hoc test o f the pooled IL-8 cytokine expression for the 
untreated control and the polished immersion solutions. 379

Table 8.2.12 Comparison o f the linear regression analysis data for the PGE2 

inflammatory cytokine expression following indirect exposure to the polished
immersion solutions o f 1 -14 day duration at 24 h exposure time. 3 81

Table 8.2.13 One-way ANOVA of the pooled PGE2 inflammatory cytokine
expression results for the untreated control and following indirect exposure to the 
polished immersion solutions at 24 h. 382

Table 8.2.14 Tukey’s post-hoc test o f the pooled PGE2 inflammatory cytokine 
expression results for the untreated control and the polished immersion solutions.

382

Table 8.2.15 Comparison o f the linear regression analysis data for the TNF-a
inflammatory cytokine expression following indirect exposure to the polished
immersion solutions o f 1-14 day duration at 24 h exposure time. 384

Table 8.2.16 One-way ANOVA o f the pooled TN F-a inflammatory cytokine 
expression for the untreated control and following indirect exposure to the polished 
immersion solutions at 24 h. 385

Table 8.2.17 Tukey’s post-hoc test o f the pooled TNF-a inflammatory cytokine 
expression for the untreated control and the polished immersion solutions. 385



Table 8.2.18 Comparison o f the linear regression analysis data for the cellular 
toxicity levels for the Triton-X treated control and following indirect exposure to the 
polished d.Sign® 10 immersion solutions o f 1-14 day duration at 2-72 h exposure 
times. 389

Table 8.2.19 Comparison o f the linear regression analysis data for the cellular 
toxicity levels for the Triton-X treated control and following indirect exposure to the 
polished d.Sign® 15 immersion solutions o f 1-14 day duration at 2-72 h exposure 
times. 391

Table 8.2.20 Comparison o f the linear regression analysis data for the cellular 
toxicity levels for the Triton-X treated control and following indirect exposure to the 
polished d.Sign®30 immersion solutions o f 1-14 day duration at 2-72 h exposure 
times. 393

Table 8.2.21 One-way ANOVA of the pooled cellular toxicity levels for the Triton- 
X treated control and following indirect exposure o f the polished immersion solutions.

395

Table 8.2.22 Tukey’s post-hoc test o f the pooled cellular toxicity levels for the 
Triton-X treated control and the polished immersion solutions. 396

Table 8.2.23 Comparison o f the linear regression analysis data for the oxidative 
stress responses for the untreated control and following indirect exposure to the 
polished d.Sign® 10 immersion solutions o f 1-14 day duration at 2-72 h exposure 
times. 399

Table 8.2.24 Comparison o f the linear regression analysis data for the oxidative 
stress responses for the untreated control and following indirect exposure to the 
polished d.Sign® 15 immersion solutions o f 1-14 day duration at 2-72 h exposure 
times. 401

Table 8.2.25 Comparison o f the linear regression analysis data for the oxidative 
stress responses for the untreated control and following indirect exposure to the 
polished d.Sign®30 immersion solutions o f 1-14 day duration at 2-72 h exposure 
times. 403

Table 8.2.26 One-way ANOVA o f the pooled oxidative stress responses for the 
untreated control and following indirect exposure o f the immersion solutions. 405

Table 8.2.27 Tukey’s post-hoc test o f the oxidative stress responses for the untreated 
control and the polished immersion solutions. 406



Table 8.2.28 A student’s t-test comparison o f  the pooled cell viability measurements 
follow ing direct exposure to the dental casting alloys or indirect exposure to the alloy 
immersion solutions. 407

Table 8.2.29 A student’s t-test comparison o f  the pooled IL -la  inflammatory
cytokine expression following direct exposure to dental casting alloys or indirect 
exposure to the alloy immersion solutions. 408

Table 8.2.30 A  student’s t-test comparison o f  the pooled IL-8 inflammatory
cytokine expression following direct exposure to the dental casting alloys or indirect 
exposure to the alloy immersion solutions. 409

Table 8.2.31 A student’s t-test comparison o f  the pooled PGE2 inflammatory
cytokine expression following direct exposure to the dental casting alloys or indirect 
exposure to the alloy immersion solutions. 410

Table 8.2.32 A student’s t-test comparison o f  the pooled TNF-a inflammatory 
cytokine expression following direct exposure to the dental casting alloys or indirect 
exposure to the alloy immersion solutions. 410

Table 8.2.33 A student’s t-test comparison o f  the pooled cellular toxicity levels 
following direct exposure to the dental casting alloys or indirect exposure to the alloy 
immersion solutions. 411

Table 8.2.34 A student’s t-test comparison o f  the pooled oxidative stress response
data follow ing direct exposure to the dental casting alloys or indirect exposure to the 
alloy immersion solutions. 412



SECTION A



CHAPTER 1 LITERATURE REVIEW

1.0 Introduction

Dental porcelain is an ideal candidate material for many applications in restorative 

dentistry including jacket crowns, porcelain-fused-to-metal restorations and veneers 

since dental porcelain has excellent aesthetics, resists wear extremely well and does 

not elicit a pulpal response from vital teeth (Kantorowicz et al., 1993). The porcelain 

jacket crown consists of a layer of dental porcelain which covers the whole of the 

clinical crown of the tooth as illustrated in Figure 1.1a (Kantorowicz et al., 1993), 

however, dental porcelains are inherently brittle materials so that their use as jacket 

crowns is generally restricted to anterior teeth where aesthetics is of prime 

importance. The object of a porcelain jacket crown preparation is to provide a 

sufficient thickness of porcelain to conserve tooth structure and maintain its 

periodontal health (McLean, 1979a) while the restoration of the function and 

improvement of the appearance of the coronal part of the tooth without causing 

damage to the pulp are by far the most common aims for the use of porcelain jacket 

crowns in the restoration of anterior teeth. There is little doubt that the feldspathic 

crown is the most aesthetic dental restoration currently in use today since feldspathic 

porcelain possesses excellent aesthetics. Unfortunately, the flexural strength of 

feldspathic porcelain is only 45-90 MPa (Hondrum, 1992; Seghi et al., 1990; McLean 

and Kedge, 1987; McLean, 1983; Edwards et al., 1983; Sherrill and O ’Brien, 1974) 

so that an improvement in the longevity of the feldspathic porcelain jacket crown in 

the patients mouth necessitates either strengthening the porcelain itself or the use of a 

reinforcing substrate to form a metal-ceramic restoration (McLean, 1979b).
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Figure 1.1 (a) The porcelain jacket crown and (b) the porcelain-fused-to-metal

restoration illustrating the opaque porcelain which was used to mask the underlying 

metal and produce the illusion of natural enamel the creation of a lifelike porcelain 

veneer (McLean, 1979c).

An intimate bond between the metal and the porcelain increases the success of metal- 

ceramic restorations (McLean and Seed, 1973a,b). The bonding for metal-ceramic 

systems is analogous to that for glass-to-metal bonding (Cascone et al., 1978; 

Cascone and Tucillo, 1977) such that the formation and maintenance of a chemical 

bond is crucial for adherence (Pask and Fulrath, 1962). Metals used in the production 

of metal-ceramic restorations are generally covered by a layer of oxygen held by 

covalent-ionic bonds created by partial transfer of electrons from the surface metal 

atoms to the oxygen atoms - the most notable exceptions being gold and platinum 

(Pask and Fulrath, 1962). The authors suggested that if the oxygen layer and
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associated metal atoms dissolve in the glass then the surface of the glass comes into 

direct contact with the metal (Pask and Fulrath, 1962). As a result no electron transfer 

from the metal to the glass occurs since the surface oxygen atoms of the glass are 

already bonded so a weak Van der Waals type bond is formed. Alternatively if the 

oxygen layer on the metal does not dissolve the oxygen atoms will interpenetrate with 

the surface atoms of the glass and form a strong bond. Consequently, the basic 

requirement for the formation of a chemical bond is the presence of a transition zone - 

which is compatible with both the metal and porcelain, where a continuity of atomic 

and electronic structure exists across the interface (Pask and Fulrath, 1962). A metal 

oxide serves the function of a transition layer and for oxide formation to occur good 

wetting of the metal surface by the porcelain was essential.

The metal-ceramic restoration must withstand the thermal cycling that takes place 

during porcelain firing without melting or any phase changes occurring which may 

affect the functional characteristics of the restoration. The metal-coping must be able 

to support its own weight and the marginal integrity o f the coping must also be 

maintained during firing. The temperature at which porcelain becomes rigid on 

cooling is known as the set point. Once the porcelain passes its set point, residual 

stresses begin to build-up in the porcelain and in order to prevent a high stress level 

occurring the alloy and porcelain must contact together as closely as possible on 

cooling to room temperature (Tuccillo and Cascone, 1983). The coefficient o f thermal 

expansion of the opaque porcelains developed for enamelling metals must be slightly 

less than that for the metal. Therefore, the metal tends to contract a little more than the 

porcelain on cooling so that the porcelain is placed in compression which avoids the 

build-up of tensile stresses in the brittle porcelain. To mask the underlying metal and 

produce the illusion of natural enamel the creation of a lifelike porcelain veneer on 

top of the thin layer of opaque porcelain is required (Figure 1.1b) and the only way of 

improving the aesthetics of the restoration is to either make the base metal alloy 

thinner or to improve the colour systems in dental porcelain (McLean, 1983).

In the tooth preparation for a porcelain-fused-to-metal crown 1.2-1.5 mm of tooth 

structure is removed axially and 1.5-2.0 mm occlusally so that the space available for 

dental porcelain is limited and as a consequence of lack of space a thin film o f opaque 

porcelain is applied to the metal surface. A schematic diagram of a finished metal-

3



ceramic restoration is shown in Figure 1.1b (McLean, 1983). The preference of many 

dentists for the “Metal-Ceramic Smile” of metal-ceramic restorations over all-ceramic 

crowns at the expense of aesthetics has been highlighted by McLean (1983) who 

postulated that many dentists sacrificed aesthetics simply because of the ‘curious’ 

belief that the increased strength of a metal-ceramic restoration would compensate for 

poor tooth preparation beneath the restoration and therefore increase its lifetime in the 

patients mouth.

Dental Casting Alloys

An alloy is the combination of a minimum of two metals and in dentistry alloys used 

for dental restorative procedures are routinely comprised of at least four metals 

(Wataha et al., 2000a) highlighting the potential for complex metallurgical interaction 

in the alloy. Precious and non-precious dental casting alloys are placed into the oral 

cavities of patients with the intention of long-term function and therefore, it is 

essential that alloys have the ability to resist mechanical loading and corrosion 

(Manaranche and Homberger, 2007). Dental casting alloys can be based on a 

combination of precious (gold, palladium and silver) and non-precious (nickel, 

chromium, molybdenum and cobalt) metals as major compositional elements with the 

minor compositional elements being diverse at best, unknown at worst (Elshahawy et 

a l, 2009; Wataha et al., 2000a; Bumgardner and Lucas, 1994). Accordingly, the 

diversity of dental casting alloy compositions has ensured that attempts to evaluate the 

biocompatibility and behaviour of dental casting alloys, in particular, non-precious 

alloys, has been difficult.

Non-Precious Dental Casting Allovs

Since the first commercially successful dental gold alloy was patented by Weinstein et 

al. (1962), attempts have been made to improve on the properties of dental casting 

alloys and to develop technically superior alternatives. The result was that in 1980 the 

Clinician Research Associates newsletter (CRA, 1980) named 233 different alloys 

available for use in metal-ceramic restorations. The impossibility of classifying all 

available dental casting alloy combinations was highlighted by Moffa (1977) and the 

findings o f the Rand Research Survey (1981) highlighted that the majority of metal- 

ceramic restorations employed in the United States of America (USA) at the time 

were fabricated from dental casting alloys with no gold content. In 1968, the
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American government decided to ‘free’ gold so that it was no longer ‘pegged’ at $35 

an ounce. Dental professionals realised the price of gold would increase, 

consequently, researchers were forced to develop an alternative cost-effective alloy, 

namely the nickel-chrome-beryllium system first introduced in 1974. However, 

market penetration of the nickel-chrome-beryllium system in the USA was directly 

proportional to the price of gold ranging from zero in 1968 to 25% in 1976 and as 

high as 50% in 1980 when gold was $850 an ounce. The development of a technically 

inferior cost-effective alloy was a direct response to pressures from the dental 

profession (Tuccillo et a i, 1983) emphasising that the transformation from precious to 

non-precious metals was not brought about by accident. Currently, nickel (Ni)-based 

dental casting alloys are thought to account for approximately 80% of all dental 

restorations (Bumgardner and Lucas, 1995). However, the biocompatibility of non

precious dental casting alloys has been frequently overlooked as many dental 

practitioners erroneously assume that if the dental casting alloy is available on the 

market, the biocompatibility potential need not be questioned (Nelson et a i, 1999).

Ni-based Dental Casting Alloys

Ni-based dental casting alloys possess a high modulus of elasticity which enables use 

in thinner sections than conventional high-gold alloys, which make Ni-based alloys 

ideal for a variety of applications in restorative dentistry (Roach et al., 2000). In 

addition, the thermal coefficients of expansion of Ni-based dental casting alloys is 

closer to the dental porcelain which limits cracking during the heating and cooling 

cycles encountered by the dental restoration during processing (Roach et a l, 2000; 

Tucillo and Cascone, 1982). Chromium is present in Ni-based dental casting alloys to 

promote the formation of a stable passive oxide layer and is normally present at 16-25 

mass% (Wylie et al., 2007). When the chromium is decreased below 16 mass% a 

marked reduction in the corrosion resistance potential of the alloy occurs (Roach, 

2007). Molybdenum is added to increase the corrosion resistance of the alloy (Craig 

and Powers, 2002; Lee et al., 1985) in conjunction with reducing the thermal 

expansion coefficient (Craig and Powers, 2002). The diversity of the major alloying 

elements present in Ni-based dental casting alloys (chromium, molybdenum and 

aluminium) presents a wide range of microstructures with solid solutions matrices and 

intermetallic compounds (Roach, 2007). The capacity of Ni-based dental casting 

alloys to release corrosion products in the form of metal ion leachates into the oral
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cavity is significant in terms of function (Wataha et al., 2001a). The surface finishing 

condition is also thought to be a critical factor in the biocompatibilit>' potential of the 

alloy (Lin et al., 2008; Wylie et al., 2007; Huang et al., 2004; Nelson et al., 1999). 

Polishing to a clinically employed surface finishing condition has been suggested to 

result in a decrease in the metallic ion leaching potential due to the ‘non-conductive 

barrier’ generated during the polishing process (Roach et al., 2000).

Non-precious dental casting alloys employed in restorative dentistry are certified as 

biocompatible and suitable for clinical use by the manufacturers. However, no 

International Standards Organisation (ISO) guideline exists for the classification of 

the biocompatibility of Ni-based alloys. Manufacturers employ the ISO 1562 (2004) 

standard which is intended for the classification of dental casting gold alloys with at 

least 60% mass fraction o f gold, and the ISO 6871-1 (1994) standard which details 

alloy compliance specifically for cobalt-based dental casting alloys. ISO 10993-5 

(2009) which specifically relates to the biological evaluation o f medical devices 

recommends the incubation of cultured cells in contact with the device or extracts of 

the device either directly or indirectly through diffusion in order to determine the 

biological response of mammalian cells in vitro using biological parameters. 

However, ISO 10993-5 (2009) is non-specific on suggesting cell types, cell structures 

or specific experimental parameters to be employed which contributes to the 

significant ambiguity of testing results presented in the literature.

Cobalt-Chromium Dental Casting Allovs

Cobalt-chromium (Co-Cr) dental casting alloys have been employed in dental 

restorations since 1929 (Paffenbarger et al., 1943), have elevated resistance to 

corrosion (Reclaru et al., 2005) and in the 1950s were employed five times as often 

for partial dentures as gold-based fixtures (Roach, 2007; Lane, 1949). Chromium is 

the major alloying element present (Reclaru et al., 2005) due to its corrosion 

(Matkovic et al., 2004) and tarnish (Roach, 2007) resistance properties. It is 

recommended that the level of chromium is lower than 30 mass% to prevent problems 

during casting (Reclaru et al., 2005; Craig and Powers, 2002). Cobalt is present to 

increase the elastic modulus and the corrosion resistance potential o f the alloy (Roach, 

2007; Reclaru et al., 2005). Co-Cr dental casting alloys therefore, have similar elastic 

moduli, strength and hardness as Ni-based alloys, however, the Co-Cr alloys are less
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ductile compared with their Ni-based counterparts (Roach, 2007; Reclaru et al., 

2005).

Biocompatibilitv

Biocompatibility has been defined by Wataha et al. (2001a) as being ‘the ability of a 

material or a device to remain biologically non-toxic during its functional period’. 

Cytotoxicity induced in oral tissues by non-precious dental casting alloys can be 

termed as a loss of biocompatibility by the dissolution and distribution of metal ion 

leachates which can subsequently elicit localised, systemic or allergic reactions 

(Trombetta et al., 2005; Schmalz and Garhammer, 2002). The release o f metal ion 

leachates from dental casting alloys is necessary to elicit toxic, inflammatory, allergic 

or mutagenic responses (Wataha et al., 2000a), therefore, dental practitioners should 

be aware o f the corrosion products of any alloy employed clinically. In particular, the 

dental practitioner should at least know the complete composition of a dental casting 

alloy used although this is rarely reported in the patient notes.

Corrosion of Non-Precious Dental Casting Alloys

The corrosion o f non-precious dental casting alloys occurs when compositional 

elements o f the dental casting alloy which initially have no charge, lose electrons, 

thereby becoming positively charged and are released from the alloy (Wataha et al., 

2000a). Understanding the corrosion behaviour of non-precious dental casting alloys 

in the oral environment is critical to determining their biocompatibility potential. The 

intrinsic properties o f the dental casting alloys may be altered by the manufacturing 

processes namely the porcelain-fused-to-metal firing, which may alter the surface 

finishing condition and associated corrosion properties when placed in the oral 

mucosa (Lin et al., 2008). The warm and moist aerobic conditions in the oral 

environment, with constantly changing pH levels (Wataha et al., 1998) present an 

aggressive environment (Fors et al, 2006). Corrosion occurs from the loss of metal 

ions from the Ni-based restoration directly into the adjacent gingival tissue (Wataha et 

al., 2000b) or alternatively by the progressive dissolution of a surface film as a result 

of oxidation and reduction processes (Lin et al., 2008; Hanawa, 2004; Huang et al., 

2004; Roach et al., 2000) which can result in the alloy being totally consumed by the 

reaction or the formation o f a protective passivation layer (Lin et al., 2008; Hanawa, 

2004; Huang et al., 2004; Roach et a l, 2000). Disruption of the protective passivation
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oxide layer can be caused by a number of different mechanisms including anodic 

dissolution whereby the passive layer undergoes a process of partial dissolution and 

re-precipitation in the aqueous solution (Hanawa, 2004). Additionally, corrosion can 

occur as pitting, crevice and galvanic processes, which can subsequently manifest in 

Ni-based dental alloys in situ in the oral cavity (Wylie et al, 2007). Biological factors 

including decreased pH disruption (Wataha et al., 1998), the presence of active 

oxygen species (Trombetta et al., 2005; Bagchi et al, 2002) and the acceleration of 

leaching by the presence of amino acids and proteins (Wataha et al., 2001a; Nelson et 

al., 1999) can also further exacerbate corrosion processes. As a result, the elemental 

components of these alloys and possibly any associated corrosion products leached 

into the surrounding gingival tissues during function have the potential to cause nickel 

hypersensitivity (Wataha et al., 2001b).

Metal ion leachates from non-precious dental casting alloys can be identified by mass 

spectrometric analysis (Lin et al., 2008; Wylie et al., 2007; Huang, 2003,2002; Roche 

et al., 2000; Hoflund et al., 1997; Bumgardner and Lucas, 1994,1993). The corrosion 

process can be complex due to the combination of alloying elements or the presence 

of pits or crevices which may elevate the levels of corrosion (Wataha, 2000a). Metal 

ion leachates from dental casting alloys have been detected in gingival tissues 

adjacent to restoration (Wataha, 2000a). Inflammatory responses associated with Ni- 

based alloy restorations subside when the alloy is removed and replaced with nickel- 

free alloy alternatives (Hashitani et al., 2008; Noble et al., 2008; Issa et al., 2004; 

Kalimo et al., 2004) thereby providing evidence to this issue. The release of metal 

ions from non-precious dental casting alloys was proposed to be dependent upon the 

bulk composition of the alloy which influences the corrosion resistance (Elshahawy et 

al., 2009; Ardlin et al., 2005; Hanawa, 2004; Huang et al., 2004; Wataha et al., 

2001a,b; Messer and Lucas, 2000; Schmalz et al., 2000; Wataha et al., 1999; 

Bumgardner and Lucas, 1995), the microstructure formed during casting (Wylie et al., 

2007) and ensuing firing procedures (Qiu et al., 2011; Lin et al., 2008; Wylie et al., 

2007; Roach et al., 2000; Marinello et al., 1986). The release of the elemental metallic 

components of Ni-based dental casting alloys are reported to vary with the 

composition and manufacturing route of the appliance components (Grimsdottir et a l, 

1992a) and between arch wires alloys and mechanical straining (Jia et al., 1999), but 

not the actual nickel content (Fors et al 2006). Tillberg et al. (2008) highlighted the
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difficulties o f comprehensively identifying all components within commercial dental 

casting alloys due to the reluctance o f manufacturers’ to full disclosure o f the 

elemental composition. Schmalz and Garhammer, (2002) suggested that the 

comparatively high incidence o f nickel allergy (one in five females and one in twenty 

males (Noble et a i ,  2008)) should be the impetus to replace these dental casting 

alloys whenever there is a more suitable alternative treatment modality available. 

Consequently, it has proven difficult to thoroughly assess the biocompatibility o f non

precious dental casting alloys in the dental literature notwithstanding the different 

experimental parameters (tissue type, exposure method and analysis methodology) 

used.

Nickel

Nickel is a naturally occurring metallic element and due to the unique physical and 

chemical properties, metallic nickel and nickel compounds are widely used in 

industrial and manufacturing procedures (Denkhaus and Salnikow, 2002). The global 

entry o f nickel into the human environment is thought to be approximately 150,000 

metric tonnes per year from natural sources (food, soil, water) and an additional 

180,000 metric tonnes per year from external sources (fossil fuel emissions, industrial 

production, use and disposal o f nickel compounds and alloys) (Kasprzak et al., 2003). 

The high consumption o f nickel-based products has lead to inevitable environmental 

contamination at all stages o f production, recycling and disposal (Denkhaus and 

Salnikow, 2002). Human exposure to nickel occurs primarily thorough inhalation and 

ingestion (Kasprzak et al., 2003) with the estimated daily intake o f nickel from dietary 

sources (-170  |j,g per day) and from inhalation (-0 .4  |ig per day) reported by Eliades 

et al. (2002). However, the limits o f  nickel intake which elicit adverse immunological 

reactions in vivo have not been conclusively determined. In response to a lack of 

consensus in the scientific literature regarding an acceptable daily exposure limit to 

nickel and in an attempt to appease public concerns regarding nickel allergy, the 

European Union (EU) introduced the EU Nickel Directive (EN 1811, 1998). The EU 

Nickel Directive (EN 1811, 1998) recommended that the maximum daily exposure of 

an individual to nickel should not exceed 0.5 |ig/cm^ per week. However, as the 

quantity o f nickel required to elicit an allergic reaction varies between individuals 

(Thyssen et al., 2011), such that a singular acceptable daily exposure limit to nickel 

may not be entirely appropriate.
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Nickel Uptake

Oral mucosal tissue is more permeable to foreign antigenic material, such as metal 

ions leached from Ni-based dental casting alloys, than skin (Faria, 2005). Oral 

keratinocytes are believed to be the primary tissue target of nickel, and are associated 

with the inflammatory response of the oral mucosa during nickel sensitivity in vivo 

(Schmidt et al., 2010; Noble et al., 2008; Gazel et al., 2008). Interestingly, even 

though nickel allergy is believed to be currently present in approximately 20% of the 

population with a preponderance for females (Krob et al., 2004), the effects o f nickel 

on epithelial tissue has not to date been systematically studied in the dental literature. 

Metal ion leachates released from dental casting alloys have been shown to 

disseminate throughout the body through tissue absorption, the lymphatic drainage 

system or the bloodstream (Black, 1984). Inflammatory cytokines (Interluekin-la, 

(IL-la), Interleukin-6 (IL-6), Interleukin-8 (IL-8) and Tumour Necrosis Factor (TNF- 

a)) have been reported in previous studies (Trombetta et al., 2005; Schmalz et al., 

2000; Lisby et al., 1995) to be inducible from keratinocyte cells in response to nickel 

ions. Gazel et al. (2008) suggested that keratinocytes are the initiator cells for such 

allergic contact sensitivity reactions throughout the human body which adds further to 

the argument that oral keratinocyte cells are the most appropriate tissue type for a 

comparative biocompatibility analysis of dental casting alloys. The mechanism of 

nickel uptake into eukaryotic cells is not completely understood in the literature. 

However, it is widely suggested that nickel ions permeate through the cell membrane 

where the ions are contained in cytoplasmic vacuoles which have a low pH level 

(4.5), which accelerates the dissolution of the ions throughout the localised cellular 

area (Figure 1.2) (Costa et al., 2005; 1994; Stenberg, 1982). It has also been 

postulated that nickel ions may dissolve in saliva and be swallowed and absorbed by 

the gastrointestinal tract (Issa et a l, 2008; Costa et a l,  2005; Sahmali et a l,  1991) 

which, compounded by the presence of nickel in certain foods (legumes, grains and 

fish) (Kasprzak et al., 2003), contribute to the occurrence of nickel hypersensitivity 

(Gazel et a l,  2008). Ultimately, the metal ion leachates are thought to be removed 

from the body through normal excretory functions (Wataha et al., 2000b). However, it 

is thought that the manner of excretion is related to the manner of ingestion and the 

rate of excretion is unique to each metal ion leachate (Wataha et al., 2000b).
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Deliveiy 
to Nucleus

Figure 1.2 Schematic image of the proposed model o f nickel uptake into 

eukaryotic cells. The permeation o f nickel ions through the cell membrane followed 

by intracellular dissemination and introduction into the nucleus are highlighted 

(Adapted from Costa et al., 2005).

Nickel Hypersensitivity

Nickel is a potent allergen and carcinogen causing hypersensitivity reactions to a 

greater extent compared with any other metal used in metal-ceramic restorations with 

approximately one in five female and one in twenty male patients (Noble et al., 2008) 

between the ages of 16 and 35 years susceptible to nickel sensitivity (Schmidt et al., 

2010; Gazel et al., 2008; Noble et al., 2008). Nickel allergy can develop at any age 

and may persist indefinitely with no therapeutic approach currently available other 

than the complete avoidance of the metal (Schmidt et al., 2010; Gazel et al., 2008). 

The immune response elicited by nickel is a type IV cell mediated delayed 

hypersensitivity reaction more commonly known as contact hypersensitivity or 

allergic contact dermatitis (Schmidt et al., 2010; Noble et al., 2008; Albanesi et al., 

2001; Cavani, 2005; Kimber et al., 2002; Traidl et al., 2000; Hostynek, 1997).

Contact hypersensitivity is an immunological disease mediated by T cells, monocytes 

and activated macrophages and the reaction comprises of two distinct phases (Schmidt 

et al., 2010; Cavani, 2005; Cavani et al., 1998; Hostynek, 1997). The sensitisation
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phase occurs following the initial introduction and exposure to nickel ions, which 

normally does not induce a contact hypersensitivit>' reaction. However, the initial 

sensitisation does result in the priming o f the immune response for subsequent nickel 

exposure (Schmidt et al., 2010; Cavani, 2005; Rustemeyer et al., 2004; Cavani et al., 

1998). The physical manifestations of contact hypersensitivity occur following 

secondary and subsequent exposures to nickel (Schmidt et al., 2010; Rustemeyer et 

al., 2004; Cavani, 2005; Cavani et al., 1998). The secondary phase is termed the 

elicitation phase and occurs in the form of a contact hypersensitivity reaction 

(Rustemeyer et al., 2004; Grabbe and Schwarz, 1998). Orally, a contact 

hypersensitivity reaction can present as localised swelling and discomfort of the 

gingival and sub-gingival tissues within 24 h in nickel sensitive patients (Noble et at., 

2008). Dermally, a contact hypersensitivity reaction can present as allergic contact 

dermatitis, which can develop from 24 h to a maximum of three weeks (Kimber et al., 

2002). The secondary and subsequent exposures of the immune system to stimulatory 

nickel ions induces the production of antigen-specific effector CD8^ T cells, which 

attempt to mediate the tissue damage elicited by the ions (Cavani, 2005; Albanesi et 

al., 2001; Traidl et al., 2000; Cavani et al., 1998). In addition, CD8^ T cells amplify 

the immune response through the release o f inflammatory cytokines interferon- 

gamma (IFN-y) (Cavani, 2005), IL -la  (Turner et al., 2007), IL-8 (Trombetta et al,. 

2005; Schmalz et al., 2000), Prostaglandin E2 (PGE2 ) (Trombetta et al,. 2005; 

Schmalz et al., 2000) and TNF-a (Wataha et al., 2004). The expression of IFN-y 

inflammatory cytokine in vivo is critical for mediation of the innate immune response 

and an increase in expression is suggestive o f an autoimmune disease, such as nickel- 

induced contact hypersensitivity (Schoenbom and Wilson, 2007). The expression of 

IFN-y, IL -la , IL-8, PGE2 and TNF-a inflammatory cytokines by CD4^ and CD8^ are 

highly suggestive o f an antigenic-specific immune response to a specific stimulus, 

nickel. However, it has been shown in vivo that CD4"  ̂ T cells alone cannot induce 

nickel hypersensitivity, therefore the presence o f an in vivo nickel allergy required the 

combined presence o f 004"^ T cells and CD8"  ̂ T cells (Cavani, 2005; Traidl et al., 

2000; Cavani et al., 1998).
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Nickel-Induced Adverse Reactions in the Literature

It is been widely acceptcd in the scientific literature that nickel exposure can be 

detrimental to human health (Thyssen et al., 2011; Schram et al., 2010; Sakai et al., 

2009; Thyssen et a l ,  2009a; Thyssen et al., 2009b; Hashitani et al., 2008; Noble et 

al., 2008; White et al., 2007; Costa et al., 2005; Issa et al., 2004; Kalimo et al., 2004; 

Rustemeyer et al., 2004; K asprzak et al., 2003; Smith-Sivertsen et a /.,2002; Ehrlich et 

al., 2001). Nickel allergy has been associated with dental prostheses throughout the 

dental literature (Fors et al., 2006; Counts et al., 2002; Jia et al., 1999; Bumgardner 

and Lucas, 1995) with metal-ceramic restorations manufactured using Ni-based dental 

casting alloys remaining in situ  and directly adjacent to the oral mucosa for substantial 

periods o f time. Consequently, the leaching o f  the metallic elemental components into 

the surrounding oral mucosal tissues should be expected. Schram et al. (2010) 

reviewed the environmental risk factors for nickel sensitisation in addition to the 

occupational and medical relevance o f  a nickel immune response. Schram et al. 

(2010) concluded the potential for nickel exposure from everyday objects as varied as 

costume jewellery and mobile phones warranted legislation governing acceptable 

daily nickel exposure limits. Thyssen et al. (2011) observed that in Denmark and 

Switzerland, which introduced limits o f acceptable daily nickel exposure in 1990, a 

gradual reduction in the incidence o f nickel allergy in the general population was 

observed (Thyssen et al., 2009a), especially in females (Thyssen et a/.,2009b). 

Schram et al. (2010) concluded that nickel allergy was the m ost frequent contact 

allergen tested worldwide and put forward the case to the Food and Drug Authority 

(FDA) for daily exposure limits to be introduced in the USA, where no legal daily 

exposure limit exists, unlike the EU. Sakai et al. (2009) described a severe case o f 

oral nickel allergy in a female patient following the placement o f a Ni-based 

orthodontic appliance to relieve an anterior cross-bite which immediately subsided 

following replacement with a P-titanium orthodontic appliance. Hashitani et al. (2008) 

detailed the case o f  a young male who underwent a repair o f the intermaxillary 

fixation o f the mandible using Ni-based arch bars and wires. Two days post-surgery, 

the patient experienced blisters and redness o f  the hands and fingers which progressed 

to the neck, legs and axillas, however, the oral mucosa was asymptomatic. An allergy 

to the intermaxillary fixation was suspected and the patient subsequently underwent 

patch testing which determined a strong reaction to nickel. No subsidence o f the 

symptoms were observed following steroid treatment, accordingly the Ni-based arch
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bars and wires were removed and replaced with Ni-free alternatives which alleviated 

the reported symptoms within 24 h. Hashitani et al. (2008) recommended that patients 

requiring surgical oral restorations should undergo patch testing or alternatively 

provide a full allergen history to the general dental practitioner. Noble et al. (2008) 

outlined two cases of nickel hypersensitivity which presented shortly after the 

placement of Ni-based archwires and the immediate loss of symptoms following 

removal of the archwires and replacement with stainless steel alternatives. In both 

clinical cases examined by Noble et al. (2008), no previous histories of metal allergy 

were evident for either patient prior to exposure to the Ni-based archwires. Both 

patients reported ‘swelling, itching, sandpaper-like roughness, bumps, burning and 

strong discomfort’ of the oral mucosa which persisted from 3 days to 6 months, 

respectively. In the case of the patient who endured the symptoms for 6 months, it was 

documented that the symptoms were intermittent which Noble et al. (2008) theorised 

was due to the ‘increased nickel leachability from some daily alteration o f the intra

oral environment such as fluoride composition and food exposure’.

White et al. (2007) explored the theory that nickel induced oral tolerance and 

accordingly may be beneficial to health overall by observing that murine models 

could develop a tolerance to subsequent exposures of nickel following oral and gut 

exposure. No clinical human trials have been performed to confirm the White et al. 

(2007) theory, however, anecdotal studies may provide credence to the theory. Smith- 

Sivertsen et al. (2002) reported the contamination of a Norweigan drinking water 

supply with nickel which appeared to have reduced the level of females exhibiting 

sensitisation to nickel (7.2%) compared with females drinking non-nickel 

contaminated water supplies (27.5%). However, it is important to note the Smith- 

Sivertsen et al. (2002) study was not a scientifically controlled study. Costa et al. 

(2005) highlighted that soluble and insoluble nickel ions entered eukaryotic cells by 

phagocytosis and were contained in cytoplasmic vesicles where the dissolution of 

nickel occurred. Costa et al. (2005) investigated the mode of action by which 

insoluble and soluble nickel ions enter eukaryotic cells. Costa et al. (2005) employed 

A549 human lung cells and showed that following 72 h exposure, the insoluble nickel 

ions were located in the nucleus and the soluble nickel ions were situated in the 

cytoplasm. The insoluble and soluble nickel ions were also shown to induce gene 

silencing and tissue hypoxia (Costa et al. , 2005). Gene silencing is a process whereby
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genes are ‘switched o ff  by a mechanism other than genetic modification and is 

normally induced by chemicals (Van Leeuwen and Gottschling, 2002). Tissue 

hypoxia is a physiological condition whereby a region o f the body is deprived of an 

adequate supply of oxygen (Leonard et al., 2004). Issa et al. (2004) examined the 

presence o f oral lichenoid lesions on 51 patients with metal-based dental restorations 

in direct or partial contact to the lesion. Oral lichenoid lesions are the manifestation of 

a chronic mucocutaneous disease affecting the oral mucosal tissue, tongue and skin 

and is normally localised around the oral cavity (Yu et al., 2003). It was shown by 

Issa et al. (2004) that the replacement or removal of the metal-based dental 

restorations induced the healing of the oral lichenoid lesions in over 60% of the 

patients investigated. Accordingly, Issa et al. (2004) concluded that metal-based 

dental restorations can induce the formation of oral lichenoid lesions and that an 

allergen history from dental patients would be beneficial prior to selecting a metal- 

based restorative material.

Kalimo et al. (2004) investigated a population of 153 subjects, of which 75% had a 

history of metal piercings and 45% had previously undergone orthodontic treatment 

with Ni-based wires. Interestingly, following patch testing of the entire subject group 

with nickel sulfoxide, it was determined by Kalimo et al. (2004) that nickel allergy 

was strongly associated with skin piercing as 54% of the body piercing subject group 

displayed a positive reaction compared with only 10% of the non-pierced subject 

group. However, no significant difference in the levels of nickel allergy was observed 

by Kalimo et al. (2004) between the subject groups o f those who received orthodontic 

treatment and those who did not. This finding may be explained by the high 

prevalence o f nickel allergy in female subjects (Noble et al., 2008) irrespective of 

body piercing or duration of orthodontic treatment. Rustemeyer et al. (2004) 

investigated new approaches of in vitro monitoring of nickel-specific effector and 

regulatory cell functions in allergic patients and potentially sensitised individuals. The 

study highlighted the occurrence of inaccurate diagnoses from the common use of 

patch testing to determine the presence of a nickel allergy (Rustemeyer et al., 2004). 

Patch testing normally involves epicutaneous exposure of haptens originally 

developed by Jadassohn et al. (1896). Haptens are small and highly reactive immune 

molecules which an acquired T cell immune response will strongly react to, resulting 

in the development of an allergic reaction, such as nickel hypersensitivity (Schmidt et
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al., 2010). Rustemeyer et al. (2004) theorised that lymphocyte screening was a 

preferential method to patch testing for the presence of a nickel allergy. The presence 

of IFN-y and IL-5 were assessed as measures of type I and type II effector T cell 

function and Rustemeyer et al. (2004) concluded that such novel testing mechanisms 

provided enhanced and more sensitive mechanisms of nickel sensitivity diagnosis 

compared with conventional patch testing. Ehrlich et al. (2001) evaluated a male 

population for the incidence of nickel hypersensitivity and concluded that incidence 

was higher than the previously suggested in the dental literature. The Ehrlich et al. 

(2001) study postulated that the increased in male nickel hypersensitivity was a likely 

result of the rise in popularity of body piercing. Marcusson et al. (1999) highlighted 

an apparent high occurrence of nickel hypersensitivity in patients reporting fatigue, 

with 54% of female subjects and 14% of male subjects reporting the symptoms. 

Tillberg et al. (2008) reported the health risks of using Ni-based dental casting alloys 

were unknown or more commonly were insufficiently described to both patients and 

the dental team when a study of material safety data sheets was undertaken. Figure 

1.3a highlighted an adverse clinical reaction manifest as gingival inflammation to a 

Ni-based porcelain-fused-to-metal restoration in a nickel sensitive individual which 

subsided 72 h following the removal of the porcelain-fused-to metal restoration and 

replacement with an all-ceramic alternative (Figure 1.3b) (Burke, 2005).
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(a) (b)

Figure 1.3 (a) A nickel sensitive patient presenting with a Ni-based porcelain-

fused-to metal restoration with gingival inflammation evident (arrowed) and (b) 

illustrating the same nickel sensitive patient 72 h after the removal o f the Ni-based 

porcelain-fused-to metal restoration and replacement with an all-ceramic restoration. 

The gingival inflammation had resolved completely (Burke, 2005).

Non-precious dental casting alloys are in prolonged contact with the buccal and/or 

gingival tissues (Bumgardner and Lucas, 1994), therefore, it was expected that metal 

ion leachates released from the alloys may be released in high concentrations directly 

adjacent to the tissues (Wataha et al., 2000b), especially if the leachates are not 

dissolved by saliva. It was previously highlighted by Wataha et al. (1998) that copper 

ions released by a dental crown restoration reached a level of 0.2 ^g/day, which was 

small compared with the daily dietary intake of copper, which is thought to be 

approximately 31002 ^g/day. However, Wataha et al. (1998) observed adverse effects 

in epithelial cells exposed to the metal ion leachates which suggested that 

concentrations o f metal ion leachates from dental casting alloys may be much lower 

than concentrations necessary to inflict adverse effects through the oral route.

Use o f Metal Salt Solutions in Biocompatibilitv Analvses

The majority of comparative biocompatibility studies on Ni-based dental casting 

alloys reported in the dental literature have focused on the reaction of connective 

tissue to simple metal salts (nickel chloride, chromium chloride and molybdenum 

oxide) (Issa et al., 2008; Messer et al., 1999; Messer and Lucas, 1999). The response 

of connective tissue to metal salts used in isolation (Lewis et al., 2009; Issa et al..
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2008; Trombetta et al., 2005; Taira et al., 2001; Wataha et al., 2000b; Messer and 

Lucas, 2000; Messer et al., 1999, Messer and Lucas, 1999) unrealistically simplifies 

the metal ion release profiles fi"om Ni-based dental casting alloys which are known to 

change over time due to the complex metallurgical compositions and corrosion 

potential both in vitro and in vivo. Mass spectrometry studies performed on Ni-based 

dental casting alloy leachates identified the complex elemental metal ion release 

profiles, and critically the leachates were not released in proportion to the bulk alloy 

composition (Elshahawy et al., 2009; Wylie et al., 2007; Faccioni et al., 2003; Huang, 

2002; Wataha et a l, 2001b). Messer and Lucas (2000) concluded that metal salts were 

not a suitable model for biocompatibility analysis for Ni-based dental casting alloys 

since the response of the fibroblast cells investigated were not representative of the 

biocompatibility profile of the alloys investigated. It should be noted that the majority 

of publications in the dental literature focus on the relationship between metal salts of 

the major constituents of Ni-based dental casting alloys and oral epithelial cells 

(Curtis et al., 2007; Trombetta et al., 2005; Wataha et al., 2004; Bagchi et al., 2002; 

Messer and Lucas, 2000; Schmalz et al., 2000; Wataha et al., 2000b; Messer et al., 

1999; Messer and Lucas, 1999). As a result, the clinical relevance to dentistry of the 

relationship between metal salts and oral epithelial cells is difficult to translate. 

Therefore, the author postulated that the physical presence o f a dental casting alloy 

(through direct exposure to the alloy or indirect exposure to alloy immersion 

solutions) to oral keratinocytes was a pre-requisite to provide an accurate, repetitive 

and realistic clinical portrayal o f metal ion release through the corrosion behaviour of 

Ni-based alloys.

Ni-based dental casting alloys have been widely analysed in the dental literature using 

cell culture techniques, however little consistency in test results has been achieved 

(Wataha et al., 2002). Woody et al. (1977) concluded that Ni-based dental casting 

alloys induced no significant toxic reaction compared with healthy controls whilst 

Bumgardner and Lucas (1995) reported a significant toxic reaction highlighting the 

level o f inconsistencies reported in the literature. Tillberg et al. (2008) highlighted the 

difficulties of comprehensively identifying all components within commercial dental 

alloys due to the reluctance o f manufacturers to full disclosure o f the elemental 

composition. Consequently, it has proven difficult to thoroughly assess the
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biocompatibility o f Ni-based dental casting alloys in the dental literature 

notwithstanding the different experimental parameters used.
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CHAPTER 2 HYPOTHESIS

The use of Ni-based dental casting alloys in restorative dentistry is extensive and 

accounts for approximately 80% of all metallic dental restorations (Bumgardner and 

Lucas, 1995). However, the biocompatibility concerns regarding the use of non

precious dental casting alloys has been frequently overlooked as many dental 

practitioners erroneously assume that if the dental casting alloy is available on the 

market, the biocompatibility potential need not be questioned (Nelson et ah, 1999). 

Therefore, the long-term prospect of the dental casting alloys to elicit adverse in vivo 

biological effects carmot be overlooked.

• Currently, no singular in vitro model has been developed to comprehensively 

determine the biocompatibility potential of precious and non-precious dental casting 

alloys. The current study aimed to develop a standardised in vitro for the purpose of 

biocompatibility determination of non-preious dental casting alloys.

Studies investigating the biocompatibility potential of non-precious dental casting 

alloys have rarely employed the primary tissue target of metal ion leachates in vivo, 

namely oral keratinocytes. Researchers have generally adopted to use gingival 

fibroblasts due to the relatively high proliferation rate and ease of in vitro 

manipulation (Issa et al., 2008; Turner et al., 2007; Wylie et al,. 2007; Ozen et a i, 

2005; Taira et al., 2001; Messer et al., 1999; Messer and Lucas, 1999; Bumgardner 

and Lucas, 1995,1994).

• Consequently, the current study hypothesised that a 2D TR146 oral 

keratinocyte cell monolayer structure would be a suitable model for the determination 

o f the biocompatibility o f non-precious dental casting alloys..

The surface finishing condition of non-precious dental casting alloys has seldom been 

considered in the dental literature (Lin et al., 2008; Wylie et al., 2007; Huang et a l, 

2004; Nelson et al., 1999).

• The influence of surface finishing condition on the biocompatibility potential 

o f a Ni-based dental casting alloy was hypothesised to be a critical parameter in
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establishing the biological and physiological responses o f  the 2D TR146 oral 

keratinocyte cell monolayer structure and was consequently investigated using 

multiple analyses.

The Ni-based dental casting alloys investigated represented a high nickel, low 

chromium alloy and a low nickel, high chromium alloy. A nickel-free Co-Cr 

alternative was chosen for comparison purposes as being representative o f the non

nickel-containing alloys available to general dental practitioners.

The oral environment is comprised o f surfaces suitable for the growth o f oral 

microorganisms (Cannon et al., 2010; Grivet et a i ,  2000). However, the paucity o f 

studies investigating the influence o f oral microorganisms on the biocompatibility 

potential o f non-precious dental casting alloys was unexpected. S. mutans has been 

shown in the dental literature to attach to dental restorations in the oral cavity such as 

amalgam (Eick et a l ,  2004), glass ionomers (Ahn et al., 2010; Eick et al., 2004), 

RBCs (Ahn et al., 2010; Eick et al., 2004), as well as prosthetic (Sardin et al., 2004) 

and implant materials (Buergers et al., 2009; Sardin et al., 2004). Given the 

occurrence o f oral microorganisms in the oral environment, in particular the dental 

caries-causative microorganism Streptococcus mutans, the clinical implications for 

the long-term stability o f non-precious dental casting alloys in vivo were considered.

• Therefore, the presence and impact o f oral microorganisms on the 

biocompatibility potential o f the non-precious dental casting alloys warranted 

comprehensive further biocompatibility investigations using the 2D TR146 oral 

keratinocyte cell monolayer structure and multiple analyses.

Concerns regarding the suitability o f 2D cell monolayer structures such as TR146 oral 

keratinocytes for use in biocompatibility evaluations have recently been raised in the 

dental literature (Kinikoglu et al., 2009; Moharamzadeh et al., 2008a; Izumi et al., 

2003,1999). Two-dimensional cell monolayer structures can be considered deficient 

due to a lack o f  tissue type complexity, little anatomical structural similarity to native 

human oral mucosal tissue and the absence o f cell differentiation (M oharamzadeh et 

ah, 2007). Oral mucosal equivalents have been described in the literature 

(Moharamzadeh et al., 2008a,b; Klausner et al., 2007; Izumi et al., 2003,1999; Livsey

21



et a i ,  1995), but to date no oral mucosal equivalent has been truly human-derived 

with synthetic scaffolds (Klausner et al., 2007), murine models (Livsey et ah, 1995) 

and immortalised cells (M oharamzadeh et al., 2008a,b) being employed.

• A novel 3D human-derived, full-thickness, differentiated oral mucosal model 

was consequently developed using primary oral keratinocytes and primary gingival 

fibroblasts seeded onto a de-epidermidised cadaveric human dermis scaffold 

(Alloderm™) and grown at the air/liquid interface for several days whereby cell 

differentiation was achieved. Following direct and indirect exposure to the non

precious dental casting alloys multiple and simultaneous analyses were performed in 

order to ascertain the biocompatibility potential o f the alloys.

2.1 Aims and Objectives

The aim o f the current study was to investigate whether a 2D oral keratinocyte cell 

monolayer structure could be developed as a sensitive and reproducible tool to 

examine the biocompatibility o f dental casting alloys. The experimental parameters 

investigated included cell morphology, cell density measurements, the expression of 

inflammatory cytokines, cellular metabolic activity and cellular toxicity. Initially, a 

Ni-based dental casting alloy (d.Sign® 10) was selected and the effects o f alloy surface 

finishing condition on the biocompatibility o f the TR146 cell monolayer structure was 

examined (Section 4.1). Subsequent investigations were performed to compare the 

biocompatibility o f two Ni-based and a Co-Cr dental casting alloy using the optimised 

experimental approach developed in Section 4.1 (Section 4.2). Additionally, cell 

morphology, cell density, the expression o f inflammatory cytokines, cellular 

metabolic activity and cellular toxicity o f the TR146 cell monolayer structure were 

investigated following direct and indirect exposure to the two Ni-based and a Co-Cr 

dental casting alloys which were treated with oral microorganisms {S. mutans, C. 

albicans and C. dubliniensis) (Section 4.3).
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CHAPTER 3 GENERAL MATERIALS AND METHODS: 2D TR146 CELL 

MONOLAYERS

The materials and methods which apply to most of the experimentation in this section 

o f the thesis are described, however, procedures which are specific to particular 

experiments will be described in the relevant subsections of Chapter 4.

3.1 Dental Casting Alloys

Three commercially available dental casting alloys, namely two Ni-based (d.Sign® 10 

and d.Sign® 15, Ivoclar-Vivadent, Schaan, Lichtenstein) and one Co-Cr (d.Sign®30, 

Ivoclar-Vivadent, Schaan, Lichtenstein) were employed in the current study. The 

elemental composition (as specified by the manufacturer) of the three dental casting 

alloys used are outlined in Table 3.1. Each dental casting alloy was indicated for the 

production of crowns, short and long span bridges, dental posts and telescope crowns 

(d.Sign® 10, d.Sign® 15 and d.Sign®30 dental casting alloy data sheets).

Ni Cr Mo Co A1 Nb Si Fa Ga

d.Sign'*^10 75.4 12.6 8.0 " 3.3 “ <1.0 ” "

d.Sign®15 58.7 25.0 12.1 <0.1 “ “ 1.7 1.9

d.Sign®30 ” 30.1 <1.0 60.2 <1.0 3.2 <1.0 <1.0 3.98

Table 3.1 Composition (in mass%) of the two Ni-based (d.Sign®10 and

d.Sign® 15) and the Co-Cr (d.Sign®30) dental casting alloys used in the current study.

3.2 Disc-shaped Specimen Manufacture

Casting

Disc-shaped specimens (15.0 mm diameter and 1.0 mm thickness) were prepared 

from wax patterns (Blue inlay casting wax, Kerr Italia SpA, Salerno, Italy) connected 

by a 3 mm diameter sprue (Dentaurum, Ispringen, Germany) to the sprue former

23



(Whip Mix™, Louisville, KT, USA). The point of attachment of the sprue to the wax 

pattern was smoothed to minimise turbulence when the molten metal flowed into the 

mould. The attachment area was not restricted because necking can increase the 

likelihood of the introduction of porosity on casting and reduce the potential for 

mould filling. The wax pattern was then positioned in the centre of the casting ring 

(Whip Mix 4088, Whip Mix™, Louisville, KT, USA) resulting in a 5 mm sprue 

length.

The carbon-free phosphate-bonded casting investment (GC Fujivest II, GC Europe 

NV, Leuven, Belgium) and expansion liquid (GC Fujivest II, GC Europe NV, Leuven, 

Belgium) were selected to invest the dental casting alloys. The expansion liquid was 

composed of micro-fine particles of silicon dioxide which acted as a binder to provide 

strength and also control the expansion of the investment by using a simple dilution 

with distilled water (GC Fujivest II data sheet). The manufacturers recommended 

expansion liquid to powder mixing ratio was employed - using 13.2 mL of liquid and 

a sachet (60 g) of investment powder. The expansion liquid and powder were 

thoroughly hand-mixed for 10 s with a spatula and placed under vacuum for 15 s 

(without mixing), before mixing under vacuum for 60 s in accordance with the 

manufacturers’ instructions (Whip Mix^”, Louisville, KT, USA). Using low vibration, 

the investment material was poured into the casting ring (Whip Mix 4088, Whip 

Mix’̂ '*, Louisville, KT, USA). The investment was allowed to set for 20 mins, the 

sprue former was removed and the top surface o f the investment ring was scraped 

with a sharp knife to let the gasses escape. The ring was placed in the centre of a pre

heated furnace at 820°C for 40 mins to bum out the wax pattern and thermally expand 

the mould. In addition, to control the expansion throughout the investing process, a 1 

mm thick dry casting liner (GC New Casting Liner, GC Europe NV, Leuven, 

Belgium) was used without a wetting agent throughout.

To cast each ring, a 9 g ingot of alloy was pre-heated for 60 s in a carbon-free ceramic 

crucible (Heraeus Kulzer GmbH, Hanau, Germany) using a vacuum pressure casting 

machine (Heracast, Heraeus Kulzer GmbH, Hanau, Germany). After pre-heating the 

casting ring was removed from the furnace and positioned in the casting machine 

which was previously programmed for the non-precious alloy. The alloy was melted 

until the thin oxide glaze broke and the molten alloy was forced into the casting
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mould using a combination of both pressure and a vacuum. The casting ring was 

placed upside down and allowed to air cool. Divesting was carried out on the next day 

to ensure that all the castings had cooled sufficiently and the investment material was 

broken carefully under water using a plaster knife. To remove the residual investment 

material, each casting was alumina particle air abraded with 50 fxm alumina abrasive 

particles delivered at 2 bar pressure, for 20 s from a distance of 5 cm (ECO Dry Oxide 

System, Dentalfarm, Torino, Italy).

3.3 Surface Finishing Condition

Half of the disc-shaped specimens were separated from the sprues using a cutting disc

and stored prior to testing or sterilisation. A clinically relevant surface finishing 

condition was produced by polishing the remaining half o f the disc-shaped specimens. 

The polishing process involved three separate polishing stages using rubber dental 

polishing wheels recommended for non-precious dental casting alloys, namely 

Polysoft A, Dedeco Blue and Sunlite (Bracon Ltd., Etchingham, UK) (Wylie et al., 

2007). After polishing, the disc-shaped specimens were separated from the sprues 

using a cutting disc and stored prior to testing or sterilisation.

3.4 Profilometry

Differences in surface texture of the disc-shaped specimens were examined using a

contact stylus profilometer (Talysurf CLI 2000 Taylor-Hobson Precision, Leicester, 

UK). Three discs for each surface finishing condition investigated were selected and 

profilometry was performed in contact mode with a 90° conisphere stylus tip of 2 |o,m 

radius, across a 100 mm^ area coincident with the centre of the specimen. 

Profilometry was performed at a stylus velocity of 0.5 mm/s, recording data points 

every 5 |im (x-direction) with an 8.6 nm resolution (z-direction) resulting in 2001 

traces for a 5 fam step-size (y-direction). The roughness parameter used was the Ra 

value which represented ‘the arithmic mean of the absolute departures of the 

roughness profile from the mean line’ (Fleming et al., 2004). The Ra value was 

quantified from the ‘raw data’ of the profilometric profiles generated across the 100 

mm area (composed of 2001 traces) at the operating conditions of stylus velocity and 

step-size outlined above. A detailed representation of the surface finishing condition
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was generated in TalyMap analysis software package (Taylor-Hobson Precision, 

Leicester, UK). The mean Ra value was determined following the employment of a 

0.25 mm cut-off Gaussian filter in accordance with ISO 4287: 1997 - Geometrical 

Product Specifications - Surface texture: Profile method - Terms, definitions and 

surface texture parameters.

3.5 Disc Sterilisation

Each dental casting alloy disc-shaped specimen prepared to the appropriate surface 

finishing condition required sterilisation prior to cell culture and biocompatibility 

analysis. Each of the disc-shaped specimens were washed using sterilised Milli-Q® 

Biocel-purified water (resistivity 18.2 MQ/cm) (Millipore , Cork, Ireland) for 20 

mins by hand. The Milli-Q® Biocel-purified water was sterilised by autoclaving at 

115°C for 15 mins in a LTE Touchclave-LAB autoclave (LTE Scientific Ltd., 

Oldham, UK). The discs were left to air-dry at room temperature prior to being placed 

aseptically and individually into Defend® Self-Sealing Sterilization Pouches (Carl 

Parker Associates, Mydent Corporation, New York, NY, USA). The pouches were 

sterilised at 115°C for 15 mins in the LTE Touchclave-LAB autoclave.

3.6 Chemicals and Enzymes

All chemicals used in the current study were of analytical-grade, cell culture-grade or 

molecular biology-grade and were purchased from Sigma-Aldrich Ltd. (Dublin, 

Ireland) unless otherwise stated. Enzymes used for the cell culture procedures were 

purchased from Invitrogen (Bio-Sciences Ltd., Dublin, Ireland) and Sigma-Aldrich 

Ltd.

3.7 Cell Culture

Cell Line

All cell lines used in the current study were of human origin and were considered 

immortalised. Rupniak et al. (1985) first described the immortal TR146 oral 

keratinocyte cell line with the histological origin of the cell line being a squamous cell 

carcinoma of the human buccal epithelium.
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Media

The TR146 oral keratinocyte cell line was routinely maintained in Complete Medium 

(CM) which consisted o f Dulbeccos’ Modified Eagle’s Medium (DMEM) which was 

supplied at a pH o f 7.0 and contained 4500 mg/L glucose, L-glutamine, sodium 

bicarbonate and phenol red without sodium pyruvate. The DMEM was supplemented 

with 10% (v/v) foetal bovine serum (FBS) which was supplied as heat-inactivated 

(60°C) and sterile-filtered o f non-USA origin. The CM was also supplemented with 

penicillin at 100 ng/mL and streptomycin at 100 [ig/mL. The TR146 cells were 

maintained in 10 mL o f CM in tissue culture dishes (100 mm height and 200 mm 

diameter) (Sarstedt Ltd., Wexford, Ireland) and maintained under normal incubation 

conditions at 95% relative humidity in a 5% carbon dioxide (CO 2) environment at 

37°C in a Biotech Galaxy CO 2 incubator (RS Biotech Laboratory Equipment Ltd., 

Irvine, UK) until at least 70% cell confluency was achieved.

Buffers and Solutions

Cell culture buffers and solutions were prepared using Milli-Q® Biocel-purified water 

which had been sterilised by autoclaving at 115°C for 15 mins in the LTE 

Touchclave-LAB autoclave. Dulbecco’s Phosphate Buffered Saline (DPBS) was used 

throughout the current study as a cell culture buffer solution. DPBS was normally 

supplied in a lOx concentration and was diluted to a Ix working stock using Milli-Q® 

Biocel-purified water prior to autoclaving to ensure sterility. Sterilised and diluted 

DPBS solutions were maintained at room temperature for a maximum period o f four 

weeks.

Cell Maintenance

The TR146 oral keratinocyte cells required feeding every 3-5 days, depending upon 

the passage number or when the pH indicator (phenol red) changed colour. The cell 

feeding process involved discarding the cell culture media and the remaining adherent 

TR146 cells were washed on two occasions with 5 mL o f CM to ensure that all the 

media was removed from the cell culture plates. A 10 mL volume o f fresh CM, which 

had been pre-warmed to 37°C in a shaking water bath (Clifton, Camlab, Cambridge, 

UK), was added to the cell culture plate. The adherent cells were then re-incubated
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under normal incubation conditions at 37°C until a minimum of 70% confluence had 

been achieved or when a decrease in pH was indicated by the phenol red.

Trvpsinisation

When the TR146 oral keratinocyte cells had achieved 70% confluence, the cells were 

enzymatically removed from the cell culture plates using trypsinisation. A 5 mL 

solution of sterile-filtered 0.25% (w/v) trypsin-edetate disodium (trypsin-EDTA; [2.5 

g porcine trypsin, 0.2 g EDTA.4Na/L Hank’s Balanced Salt solution with phenol red]) 

was added to the confluent TR146 cells and incubated under normal incubation 

conditions at 37°C for 10 mins. The TR146 cells were detached from the tissue 

culture plates by forcible pippetting to ensure all the cells were detached. The 

resulting cell suspension was centrifuged in an Eppendorf Centrifuge 5804 (Davidson 

& Hardy Ltd., Belfast, UK) at 250 g  for 10 mins. The supernatant was discarded and 

the pellet was re-suspended in CM or Serum Free Medium (SFM). The SFM was 

supplemented with 4 mM/L L-glutamine, 100 |ig/mL penicillin, 100 ng/mL 

streptomycin and 2.5 |ag/niL amphotericin B. The SFM was prepared when required 

and stored at 4°C for a maximum of 7 days. An Improved Bright Line Neubauer 

Haemocytometer (Hausser Scientific Ltd, Horsham, PA, USA) was used to estimate 

the cell density by adding a 1:1 (v/v) of the re-suspended TR146 cell pellet and 0.4% 

trypan blue dye solution that had been prepared in a solution of 0.81% sodium 

chloride (NaCl) and 0.06% dipotassium phosphate (K2 HPO4 ). The cells were 

visualised on a Nikon™ TMS inverted phase contrast microscope (Nikon 

Instruments™, Micron Optical Co. Ltd., Dublin, Ireland). Cells which absorbed the 

trypan blue dye were considered non-viable and were therefore not counted. The 

TR146 cells used for the continuation of the cell line were employed at a density of 

IxloVmL in 10 mL of CM and seeded into fresh cell culture plates prior to incubation 

at 37°C under normal incubation conditions. When the TR146 cells were required at 

varying cell densities for specific aspects of the experimentation the details are fully 

described in the relevant subsections.
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Cell Line Storage and Revival

The TR146 cell line used was maintained in liquid nitrogen for long-term cryogenic 

storage as the cells possessed the ability to revive after substantial storage periods. 

The TR146 cells which underwent trypsinisation were prepared to a final cell density 

o f IxlO^/mL in a solution of 10% dimethyl sulfozide (DMSO) in DMEM. A 1.5 mL 

volume of the resulting cell suspension was aliquoted into 1.8 mL CryoPure tubes 

(Sarstedt Ltd., Wexford, Ireland). The CryoPure tubes were immediately placed into a 

“Mr. Frosty” Cryo 1°C freezing container storage unit (Nalgene, Fischer Scientific 

Ltd., Dublin, Ireland) that contained a solution of 70% isopropanol prepared in Milli- 

Q® Biocel-purified water. The storage unit was placed into a freezer (-86 Freezer, 

Fischer Scientific, Dublin, Ireland) where the temperature of the CryoPure tubes were 

decreased at rate of l°C/min. After a minimum of 12 h at -80°C the CryoPure tubes 

were removed from the storage unit and placed immediately into a liquid nitrogen 

container (MVE XC47/11-6, Chart BioMedical Ltd., Berkshire, UK).

The cells stored in liquid nitrogen were revived by firstly the removal of the CryoPure 

tubes from the liquid nitrogen prior to immediate placement into a water bath 

maintained at 37°C. When the ice crystals had visibly disappeared from the tubes, the 

cell suspension was immediately decanted into 10 mL of CM which had been pre

warmed to 37°C prior to usage. The resulting cell suspension was centrifuged at 250 g 

for 10 mins to remove the DMSO from the solution since TR146 cells are susceptible 

to DMSO induced toxicity at room temperature. The supernatant was decanted and 

discarded and a further 10 mL of CM was added to the pellet and mixed gently. The 

cell suspension was added to sterile cell culture plates and incubated at 37°C under 

normal conditions until 70% confluence had been achieved.

3.8 Alloy Exposure Methods

The sterilised dental casting alloy disc-shaped specimens, in the surface finishing 

conditions investigated, were exposed directly or indirectly to the TR146 cell 

monolayer structures.
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Direct Exposure

Direct exposure o f  the sterilised dental casting alloy disc-shaped specimens to the 

TR146 cell monolayer structures involved placement o f  the disc-shaped specimen 

onto the surface o f  the TR146 cell monolayer structures for the exposure times 

specific to each experiment subsection. At the specific exposure time, the discs were 

aseptically removed and the TR146 cell monolayer structures underwent immediate 

testing and analysis.

Indirect Exposure

A technique to indirectly expose the TR146 cell monolayer structures to the sterilised 

dental casting alloy disc-shaped specimens was developed for the purpose o f  the 

current study. The method involved the placement o f  the sterilised dental casting 

alloys disc-shaped specimens into sterile 50 mL high-grade polyethylene screw- 

capped tubes (Greiner Bio-One Ltd., Gloucester, UK) containing 50 mL o f  SFM. The 

disc-shaped specimens remained in the SFM for extended immersion durations (up to 

a maximum o f  14 days), and at specific immersion durations (1, 5, 9 and 14 days) the 

discs were aseptically removed from the SFM. The resulting metal ion leachate 

solution referred to subsequently as the alloy immersion solution was stored at 4°C  

until required for further testing and analysis.

3.9 Analyses

The analyses used in the current study included cell morphology using light 

microscopy, cell density using the trypan blue dye exclusion assay (with and without 

trypsinisation), the expression o f  inflammatory cytokines - IL -la , IL-8, PGE2 and 

TNF-a, using sandwich Enzyme Linked Immunosorbent A ssays (ELISAs), cellular 

metabolic activity using the XTT reduction assay and cellular toxicity using the 

lactate dehydrogenase (LDH) assay.

Cell Morphology

For visual assessment o f  cell morphology, the TR146 cells which underwent 

trypsinisation were prepared to a final cell density o f  2x10^ in a solution o f  2 mL CM. 

The cells were added to each well o f  a sterile flat-bottomed Dnase-free and Rnase-free 

6 well cell culture plate (Cellstar®, Greiner Bio-One Ltd., Gloucester, UK) and
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incubated for 24 h at 37°C under normal conditions. After 24 h incubation, the TR146 

cell monolayer structures were directly or indirectly exposed to the sterilised dental 

casting alloys disc-shaped specimens and incubated for a further 48 h at 37°C under 

normal conditions. The cell morphology was recorded using a Nikon™ Eclipse TSIOO 

inverted microscope (M icron Optical Co. Ltd., Dublin, Ireland) with an attached 

Nikon™ COOLPIX CP990 digital camera (Micron Optical Co. Ltd., Dublin, Ireland).

Cell Density

The cell density was determined using a trypan blue dye exclusion assay. The TR146
• 3 •cells which underwent trypsinisation were prepared to a final cell density o f  2x10 in 

a solution o f  2 mL CM. The cells were added to each well o f a sterile flat 6 well cell 

culture plate (Cellstar®) and incubated for 24 h at 37°C under normal conditions. 

After 24 h incubation, the TR I46 cell monolayer structures were directly exposed to 

the dental casting alloy disc-shaped specimens or indirectly exposed to 1 mL o f the 

alloy immersion solutions and incubated at 37°C under normal conditions for a 

maximum o f 72 h (with exposure times o f 2, 24, 48 and 72 h). The disc-shaped 

specimens and alloy immersion solutions were removed from the cell monolayer 

structures at each o f  the specific exposure times and each well was washed with a 200 

|a,L volume o f  Ix DPBS.

With trypsinisation

The TR146 cells underwent trypsinisation (as described in Section 3.6) and the cell 

density was determined using trypan blue dye exclusion assay. Cells treated with SFM 

only were used as the untreated controls and all experiments were performed in 

triplicate at least three times.

Without trypsinisation

Additionally, the cell density was determined using a trypsin-free trypan blue dye 

exclusion assay. Cells were treated with trypan blue dye and counted in situ  where the 

cell density was calculated for the field o f vision and then for the entire well with all 

experiments performed in triplicate on at least three occasions.

31



Expression o f Inflammatory Cytokines

The expression o f IL-la, IL-8, PGE2 and TNF-a inflammatory cytokines from the 

TR146 cell monolayer structures were investigated using the Quantikine® 

Immunoassay Systems (RnD Systems Ltd., Abingdon, UK) sandwich ELISAs. The 

TR146 cells which underwent trypsinisation were prepared to a final cell density o f  

2x10^ in a solution o f 2 mL CM. The cells were added to each well o f a sterile flat 6 

well cell culture plate (Cellstar®) and incubated for 24 h at 37°C under normal 

conditions. Following 24 h incubation, the TR146 cell monolayer structures were 

directly exposed to the dental casting alloy disc-shaped specimens or indirectly 

exposed to a 1 mL volume o f the alloy immersion solutions and incubated for 24 h at 

37°C under normal conditions. The cell suspensions in each well were decanted and 

ELISA analysis performed immediately or stored at -20°C for further analysis. Cells 

treated with SFM only were used as the untreated control and all experiments were 

performed in triplicate at least three times.

IL -la

The Human IL -la/IL -lF l Quantikine® Immunoassay System was suitable for the 

quantitative determination o f the concentration o f IL -la in cell culture supernatants, 

serum and plasma. A known concentration o f human IL-la was supplied as a standard 

to compare against unknown concentrations. The IL -la standard solution was 

supplied at a concentration o f 250 pg/mL and was serially diluted to 3.9 pg/mL using 

supplied Calibrator Diluent RD5-5 to provide a range o f IL -la titre levels. A 50 |j.L 

volume o f the supplied Assay Diluent RDl-83 was added to each o f the supplied 

antibody coated wells, to which 200 \ x L  o f IL -la standard, cell suspension or 

untreated control was added. The wells were covered with a supplied adhesive strip 

and incubated at room temperature for 2 h. The suspensions in each well were 

decanted and discarded and washed three times with the supplied Wash Buffer. It was 

critical to ensure all liquid in each well was completely removed prior to each wash. 

The wells were left to air-dry at room temperature for 10 mins. A 200 |xL volume o f  

the supplied IL -la Conjugate was added to each well, covered with a supplied 

adhesive strip and incubated at room temperature for Ih. The suspensions in each well 

were decanted and discarded and washed three times with the supplied Wash Buffer 

and again all liquid was completely removed prior to each wash. A 200 [ i L  volume o f
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the supplied Substrate Solution was added to each well, covered to protect from light 

and incubated at room temperature for 20 mins. A 50 \iL volume o f the supplied Stop 

Solution was added to each well causing a colour change from blue to yellow. The 

optical density o f  the wells was determined within 30 mins using the 

spectrophotometer (Tecan Genios Spectrophotometer, Unitech Ltd., Dublin, Ireland) 

at 450 and 540 run to ensure wavelength correction (IL -la /IL -lF l Quantikine® 

Immunoassay Handbook, RnD Systems Ltd.).

IL-8

The Human CXCL8/IL-8 Quantikine® Immunoassay System was used to quantify 

levels o f IL-8 in the cell culture supernatants. An IL-8 standard was supplied (2000 

pg/mL) which was serially diluted using the supplied Calibrator Diluent RD6Z to 31.2 

pg/mL. The supplied Assay Diluent RD l-85 was added in 100 |aL volumes to the 

supplied antibody-coated wells. A 50 ^iL volume o f the serially diluted IL-8 standard, 

cell culture supernatant or untreated control was added to the wells and covered prior 

to incubation at room temperature for 2 h. The supernatant was discarded and the 

wells washed with the supplied Wash Buffer with all liquid removed prior to air- 

drying at room temperature for 10 mins. The supplied IL-8 Conjugate was added (100 

|aL) to the wells and covered prior to incubation at room temperature for 1 h. The wells 

were washed again and a 200 |j,L volume o f the supplied Substrate Solution was 

added. The wells were covered and incubated for a final 30 mins at room temperature. 

Supplied Stop Solution (50 ^iL) was added to each well to halt the reaction which 

caused a colour change o f blue to yellow. The optical density o f the wells was 

determined at 450 and 540 nm to ensure wavelength correction within 30 mins 

(CXCL8/IL-8 Quantikine® Immunoassay Handbook, RnD Systems Ltd.).

PGE2
The Human PGE2 Quantikine® Immunoassay System was used to determine PGE2 

levels in the cell culture supernatants. Initially, a supplied PGE2 standard (125000 

pg/mL) was used to compare against unknown concentrations o f PGE2 which was 

subsequently serially diluted to 39.0 pg/mL using the supplied Calibrator Diluent 

RD5-39. The supplied antibody coated wells were inoculated (150 |xL) with the 

supplied Calibrator Diluent RD55-39 followed by 50 |j.L o f PGE2 standard, cell 

culture supernatant or untreated control. A 50 |j.L volume o f the supplied PGE2
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Conjugate was then added and all wells were covered and incubated at room 

temperature for 2 h on an orbital shaker. The wells were washed using the supplied 

Wash Buffer after which the supplied Substrate Solution (200 |aL) was added, covered 

and incubated at room temperature for 30 mins. The reaction was stopped using 50 jiL 

of the supplied Stop Solution in each well causing a colour change from blue to 

yellow and the optical density of the wells was measured at 450 and 540 nm within 30 

mins (PGE2 Quantikine® Immunoassay Handbook, RnD Systems Ltd.).

TNF-a

The Human TNF-a/TNFSFlA Quantikine® Immunoassay System established the 

concentration of TNF-a in the cell culture supernatants. A standard TNF-a solution 

was supplied at a concentration of 10000 pg/mL and was diluted to 15.6 pg/mL using 

the supplied Calibrator Diluent RD6-35. To the supplied antibody coated wells, the 

supplied Assay Diluent RDIF was added (50 |iL) followed by 200 |o,L of the TNF-a 

standard, cell suspension or untreated control prior to incubation at room temperature 

for 2 h. The wells were washed using the supplied Wash Buffer and a 200 |j.L volume 

of the supplied TNF-a Conjugate was added to each well. The wells were covered and 

incubated at room temperature for 1 h. The wells were washed again with the supplied 

Wash Buffer, and the supplied Substrate Solution (200 |xL) added, covered and 

incubated at room temperature for 20 mins. The reaction was halted by the addition of 

50 |j.L of the supplied Stop Solution causing a colour change from blue to yellow 

colour and the optical density was determined within 30 mins at 450 and 540 nm 

(TNF-a/TNFSFlA Quantikine® Immunoassay Handbook, RnD Systems Ltd.).

Cellular Metabolic Activity

Cellular metabolic activity was determined using the XTT reduction assay. The 

TR146 cells which underwent trypsinisation were prepared to a final cell density of 

2x10^ in a solution o f 200 |j,L SFM and added to each well o f a sterile flat-bottomed 

DNase-free and RNase-free 96 well cell culture plate (Cellstar®). The cells were 

incubated for 24 h at 37°C under normal conditions at which point the solutions in 

each o f the wells were decanted and discarded. The TR146 cell monolayer structures 

were indirectly exposed to the sterilised dental casting alloys disc-shaped specimens 

and incubated for a maximum of 72 h at 37°C under normal conditions (with exposure
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times o f  2, 24, 48 and 72 h). At each exposure time, the alloy immersion solutions 

were decanted and discarded from the cells and each o f the wells were washed with a 

100 |iL volume o f sterilised Ix DPBS solution which was discarded. A 0.5 mg/mL 

solution o f tetrazolium-based 2, 3-Bis (2-methoxy-4-nitro-5-suIfophenyl)-2 h- 

tetrazolium-5-carboxanilide inner salt sodium assay (XTT) was prepared in a 0.4 

mg/mL solution o f Coenzyme Qo (2, 3-dimethoxy-5-methyl-/?-benzoquinone) 

prepared in sterilised Ix  DPBS solution and maintained at a pH o f 7.4. A 200 |aL 

volume o f XTT solution was added to each well and incubated for a further 24 h at 

37°C under normal conditions. A 100 |j,L volume o f the XTT solution was decanted 

from each well and aliquoted into a separate 96 well plate. The absorbance was 

measured at 480 nm with a spectrophotometer. Cells treated with SFM only were used 

as the untreated controls and all experiments were performed in triplicate at least three 

times.

Cellular Toxicity

Cellular toxicity was determined by measuring the release o f the LDH enzyme from 

the TR146 cell monolayer structure using the CytoTox 96® Non-Radioactive 

Cytotoxicity Assay (Promega, Medical Supply Company Ltd., Dublin, Ireland). The 

TR146 cells which underwent trypsinisation were prepared to a final cell density of 

2x10^ in a solution o f 200 [iL SFM and added to each well o f a sterile flat-bottomed 

96 well cell culture plate (Cellstar®). The cells were incubated for 24 h at 37°C under 

normal conditions at which point the solution in each o f the wells was decanted and 

discarded. The TR146 cell monolayer structures were indirectly exposed to the 

sterilised dental casting alloys disc-shaped specimens and incubated for a maximum 

o f 72 h at 37°C under normal conditions (with exposure times o f 2, 24, 48 and 72 h). 

At each exposure time, the alloy immersion solutions were decanted and discarded 

from the cells and each o f the wells were washed with a 100 |xL volume o f sterilised 

Ix  DPBS solution which was discarded. The supplied Substrate Mix (50 |j,L) was 

added to each o f the wells, covered and incubated at room temperature for 30 mins. 

The wells were uncovered and 50 |j.L o f the supplied Stop Solution was added to each 

well. The absorbance o f the wells was read immediately at 490 nm. The cells treated 

with a solution o f 1% Triton-XlOO prepared in Ix DPBS were used as the positive 

control.
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3.10 Inductively Coupled Piasma-Mass Spectrometry

To provide an indication of the metal ion leachate composition in the alloy immersion 

solutions of the disc-shaped specimens a Mass Spectrometry (MS) technique was 

employed. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) assessed ion 

release in immersion solutions with detection limits of concentrations of below one 

part in lO'^ (ng/L). The sterilised disc-shaped specimens for each surface finishing 

condition were placed into 50 mL of SFM for immersion durations of 1, 7 and 14 

days before the discs were aseptically removed. The resultant metal ion leachates in 

the alloy immersion solutions were diluted with deionised water to 1:10 (v/v) and the 

pH was adjusted to 2.0 with nitric acid prior to analysis. The ICP-MS analysis was 

performed using an Agilent 7500a Series® ICP-MS (Agilent Technologies, Dublin, 

Ireland) within the detection limits of the apparatus (ng/L). The Inductively Coupled 

Plasma (ICP) was a plasma containing a sufficient concentration of electrons to 

convert argon gas into an electrically conductive state. The plasma was electrically 

neutral with equal numbers of ions and electrons per unit volume of plasma. The ICP 

used in the MS was sustained in a torch which comprised of three quartz concentric 

tubes of which one end was placed inside an induction coil supplied with electrical 

current. A flow of argon gas (14-18 L/min) was applied for 20 s to introduce free 

electrons into the electrically conductive argon gas stream which interacted with the 

radio-frequency magnetic field of the induction coil. The electrons were initially 

accelerated in one direction followed by acceleration in the opposite direction as the 

radio-frequency magnetic field o f the induction coil field altered at high frequency (27 

million cycles/s). The accelerated and electrically charged electrons collided with the 

argon gas resulting in the argon atoms loss of electrons. The released electrons were 

subsequent accelerated by the rapidly-changing radio-frequency magnetic field of the 

induction coil field. The process continued until the rate of release o f new electrons 

which collided with the argon gas was balanced by the rate o f recombination of 

electrons with the argon ions (atoms that have lost an electron). The balance of 

electrons and argon gas ions resulted in the production o f a fireball comprised mostly 

of argon atoms in contrast to a small fraction o f free electrons and argon ions. The 

temperature of the plasma was at 10000 Kelvins (K). The ICP was retained in the 

quartz torch due to the gas flow between the two outermost tubes not being in contact 

with the walls of the torch. A secondary flow of argon gas (1 L/min) was introduced
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between the central tube and intermediate tube to keep the plasma away from the end 

of the central tube. A final flow of argon gas (1 L/min) was introduced into the central 

tube of the torch which flowed through the centre o f the plasma and created a channel 

at a lower operating temperature than the surrounding plasma. The acidified alloy 

immersion solutions prepared for each dental casting alloy investigated were 

converted into a mist by passing into a nebulizer and introduced into the central 

channel. The mist of alloy immersion solution evaporated immediately upon entry to 

the central channel of the ICP where all solids present were vaporised and degraded 

into the respective atomic structure. Due to the high temperature present in the plasma 

the majority of the atoms were ionised with each atom losing the most loosely-bound 

electron to form charged ions. The plasma was coupled to MS by the extraction of the 

ions through a series of cones known as a quadrupole into the MS. The ions were 

separated on the basis of the mass to charge ratio and a detector received an ion signal 

proportional to the concentration present in the alloy immersion solution. The 

concentration of the ions present in the alloy immersion solutions was determined 

using calibrated certified multi-element reference standards (7500a Series® ICP-MS 

Standard Operating Procedure, Agilent Technologies).
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CHAPTER 4 EXPERIMENTAL: 2D TR146 CELL MONOLAYERS

4.1 Influence of Alloy Surface Finishing Condition on Biocompatibility

Study Rationale

The aim of this section of the current study was to assess the influence of the surface 

finishing condition on the biocompatibility of a commercially available Ni-based 

dental casting alloy (d.Sign® 10) following direct and indirect exposure to the 2D 

TR146 cell monolayer structure. Biocompatibility was determined by employing a 

combination of experimentation analyses including cell morphology, cell density, the 

expression of inflammatory cytokines, cellular metabolic activity and cellular toxicity. 

Elemental ions leached into the immersion solutions were detected and quantified 

using ICP-MS analysis. The objective of this section of the study was to develop a 

highly discriminatory biocompatibility model using the d.Sign® 10 Ni-based dental 

casting alloy in two surface finishing conditions on the 2D TR146 cell monolayer 

structure.

4.LI Materials and Methods

Forty d.Sign® 10 disc-shaped specimens were cast in accordance with the specimen 

manufacture procedure and the residual investment material was removed by alumina 

particle air abrasion (Section 3.2). Half of the alumina abraded disc-shaped specimens 

underwent three separate polishing stages, as recommended for the clinical usage of 

non-precious dental casting alloys, using rubber dental polishing wheels (Section 3.3). 

Three d.Sign® 10 disc-shaped specimens for each surface finishing condition 

investigated (alumina particle air abraded and clinically relevant polished) were 

examined to determine the differences in surface texture using profilometry.

Statistical Analysis

A student’s-t-test comparison using a critical significance level of P=0.0500 was 

performed on the mean Ra values for the surface finishing conditions investigated 

(alumina particle air abraded and clinically relevant polished) using statistical 

software (SPSS 12.0.1, SPSS Inc., Chicago, IL, USA).
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4.1.2 Cell Culture

The 40 disc-shaped specimens prepared to an alumina particle air abraded (n=20) and 

clinically relevant polished (n=20) surface finishing condition were sterilised in self

sealing pouches at 115°C for 15 mins in accordance with Section 3.5. The 2D TR146 

cell monolayer structure had attained >70% confluence which was achieved by 

routine maintenance and feeding every 3-5 days with CM under normal incubation 

conditions at 37°C (Section 3.7). The TR146 cell monolayer structures were 

trypsinised using trypsin-EDTA when >70% confluence was achieved and a known 

cell density was seeded into fresh cell culture plates prior to incubation under normal 

incubation conditions for specific aspects of the experimentation (Section 3.7).

4.1.3 Alloy Exposure Methods

Direct Exposure

Direct exposure involved placement of the sterilised disc-shaped specimens, for the 

surface finishing conditions investigated, onto the surface of the 2D TR146 cell 

monolayer structures seeded into fresh cell culture plates at 2x10^ cells in 2 mL of 

CM (Section 3.8). A visual assessment of cell morphology, cell density and the 

expression o f inflammatory cytokine release were determined for direct exposure 

times of 2, 24, 48 and 72 h. At the specific alloy exposure times, the discs were 

aseptically removed from the cell culture plates and the TR146 cell monolayer 

structures underwent immediate testing and analysis.

Indirect Exposure

Indirect exposure o f the 2D TR146 cell monolayer structures involved the placement 

of the sterilised dental casting alloys disc-shaped specimens, for the surface finishing 

conditions investigated, into 50 mL of SFM (Section 3.7). The disc-shaped specimens 

remained in the SFM for immersion durations o f 1, 5, 9 and 14 days before the discs 

were aseptically removed from the SFM. The resultant alloy immersion solutions 

were inoculated onto the TR146 cell monolayer structures seeded into fresh cell 

culture plates at 2x10^ cells in 2 mL of CM to provide a visual assessment of cell 

morphology and an indication of the cell density for indirect exposure times of 2, 24, 

48 and 72 h. The expression of inflammatory cytokine release was determined for an
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indirect exposure time o f  24 h for the TR146 cell monolayer structures seeded into 

fresh cell culture plates at 2x10^ cells in 2 mL o f  CM. Cellular metabolic activity and 

cellular toxicity studies were conducted by inoculating the alloy immersion solutions 

onto the TR146 cell monolayer structures seeded at 2x10^ cells in 200 [iL o f  SFM for 

indirect exposure times o f  2, 24, 48 and 72 h.

Statistical Analyses

Regression analyses were performed on the TR146 cell density results determined 

with and without trypsin, using the trypan blue dye assay for the untreated controls 

and following direct exposure for 2, 24, 48 and 72 h to the sterilised disc-shaped 

specimens for the surface finishing conditions investigated. Regression analyses o f  the 

TR146 cell density results achieved, with and without trypsin, using the trypan blue 

dye assay were performed for the untreated controls and following indirect exposure 

o f  the TR146 oral keratinocytes to the alloy immersion solutions for 2, 24, 48 and 72 

h for immersion durations o f  1, 5, 9 and 14 days. The indirect exposure cell density 

results with and without trypsin for all immersion durations (1, 5, 9 and 14 days) and 

exposure times (2, 24, 48 and 72 h) were pooled for each surface finishing condition 

and linear and logarithmic regression analyses performed for increasing immersion 

duration from 1 to 14 days. A  one-way Analysis o f  Variance (ANO VA ) and Tukey’s 

post-hoc tests were performed to identify significant differences between the cell 

density results with and without trypsin for the surface finishing conditions 

investigated. Four two-way AN O V A s (surface finishing condition x exposure 

method) were used to determine the expression o f  the inflammatory cytokines (IL -la , 

IL-8, PGE2 and TNF-a, respectively) for the untreated control or following direct 

exposure to the d.Sign®10 discs (in the surface finishing condition investigated) onto 

the 2D TR146 cell monolayer structures at 24 h (exposure time).

Regression analyses o f  the cellular metabolic activity (XTT) following indirect 

exposure o f  the TR146 oral keratinocytes to the alloy immersion solutions at 2, 24, 48 

and 72 h were performed. The pooled cellular metabolic activity results for the 

untreated control (immersion duration and exposure time) and the alloy immersion 

solution treated TR146 oral keratinocytes (immersion duration and exposure time), for 

each surface finishing condition, were analysed using a one-way ANOVA. The 

cellular metabolic activity at 2, 24, 48 and 72 h for the alloy immersion solutions for
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each surface finishing condition were examined using Tukey’s post-hoc tests. 

Regression analyses of the cellular toxicity (LDH) at 2, 24, 48 and 72 h, from the 

TR146 oral keratinocytes treated with Triton-X and the alloy immersion solution 

treated TR146 oral keratinocytes (for each surface finishing condition) were 

performed to determine cellular toxicity. The pooled LDH release results for the 

TR146 oral keratinocytes treated with Triton-X (immersion duration and exposure 

time) and the alloy immersion solution TR146 oral keratinocytes (immersion duration 

and exposure time) were analysed using a one-way ANOVA. The LDH release 

profiles at 2, 24, 48 and 72 h for the alloy immersion solutions o f each surface 

finishing condition were examined using Tukey’s post-hoc tests.
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4.1.4 Results

Profilometrv

The alumina particle air abraded procedure required to facilitate the removal of the 

residual investment material from the three disc-shaped specimens resulted in a mean 

Ra value of 1.780 ^m with an associated standard deviation of 0.186 ^m (Figure 

4.1.1).

The minimum and maximum Ra values for the 2001 traces across the three alumina 

particle air abraded discs were 1.351 and 2.612 |im, respectively (Table 4.1.1.).

. 4 ’ I.. ' ;

X = 10 mm 
Y = 10 mm 
Z = 209 pm

Figure 4.1.1 Profilometric representation of the 2001 traces across the 100 mm^ 

area coincident with the centre o f the specimen of a d. Sign® 10 disc-shaped specimen 

in an alumina particle air abraded surface finishing condition.

Polishing the alumina particle air abraded disc-shaped specimens to a clinically 

relevant surface finishing condition, in accordance with the polishing procedure for 

non-precious dental casting alloys, resulted in a mean Ra value of 0.053 ^m with an 

associated standard deviation o f 0.023 |jm (Figure 4.1.2). The minimum and
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maximum Ra values for the 2001 traces across the polished (clinically relevant) 

surface finishing conditions were 0,026 and 0.170 |im, respectively (Table 4.1.1).
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Figure 4.1.2 Profilometric representation of the 2001 traces across the 100 mm 

area coincident with the centre of the specimen o f a d. Sign® 10 disc-shaped specimen 

in a clinically relevant polished surface finishing condition.

Mean

Ra

Standard

deviation

Minimum

Ra

Maximum

Ra

Alumina particle 

air abraded

1.780 0.186 1.351 2.612

Clinically relevant 

polished

0.053 0.023 0.026 0.170

Table 4.1.1 Mean Ra values (^m) with associated standard deviation and the 

minimum and maximum Ra values as determined for d. Sign® 10 in (a) an alumina 

particle air abraded and (b) a clinically relevant polished surface finishing condition.

■

X = 10 mm 
Y = 10 mm 

2  = 80 6 pm
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Statistical Analysis

The mean Ra value of the alumina particle air abraded discs was significantly 

increased (P=0.0010) compared with the clinically relevant polished surface finishing 

condition when examined using a student’s t-test.

Preliminary Remarks

• Alumina particle air abrasion used to remove the investment material from the 

disc-shaped d.Sign®10 dental casting alloys significantly increased (P=0.0010) the 

surface roughness compared with the clinically relevant polished surface finishing 

condition achieved with the rubber polishing wheels.

• The influence of the different surface finishing conditions (alumina particle air 

abraded and clinically relevant polished) were further considered for biocompatibility 

testing following direct and indirect exposure to the 2D TR146 cell monolayer 

structure.

4.1.5 Alloy Exposure Methods

Cell Morpholoev 

Direct Exposure

The untreated control TR146 cell monolayer structures which were incubated in 10 

mL CM under normal incubation conditions for 48 h displayed cell attachment and 

cell growth when viewed under light microscopy. Cell division actively occurred and 

the phenol red indicator present in the CM changed colour (Figure 4.1.3a). Direct 

exposure of the confluent TR146 cell monolayer structures to sterilised alumina 

particle air abraded disc-shaped specimens and following incubation for 48 h (under 

normal incubation conditions) induced a loss of cell membrane symmetry with 

associated cell shrinkage leading to cell rounding when compared with the untreated 

control TR146 cell monolayer structures (Figure 4.1.3b). The TR146 cell monolayer 

structures having achieved confluency were exposed directly to the sterilised 

clinically relevant polished disc-shaped specimens for 48 h under normal incubation 

conditions. The polished surface finishing condition induced an increased loss of cell 

membrane integrity compared with the alumina particle air abraded finishing 

condition. The TR146 cell monolayer structures underwent significant cell shrinkage 

leading to cell rounding manifest as complete cell detachment (Figure 4.1.3c)
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compared with the alumina particle air abraded finishing condition. Additionally, the 

expulsion o f intracellular components was also evident in the clinically relevant 

polished surface finishing condition when the TR146 cell monolayer structures were 

viewed under light microscopy which was not evident in the alumina particle air 

abraded finishing condition.

(a) (b)

Figure 4.1.3 Visual assessment o f (a) >70% confluent TR146 cell monolayer 

structures incubated for 48 h and viewed under light microscopy, and following direct 

exposure to the d.Sign® 10 alloy disc-shaped specimens in (b) an alumina particle air 

abraded and (c) a clinically relevant polished surface finish condition.

Indirect Exposure

Indirect exposure of the confluent TR146 cell monolayer structures to each o f the 

alumina particle air abraded immersion solutions (1, 5, 9 and 14 day) induced a loss of 

cell membrane symmetry with associated cell shrinkage leading to cell rounding 

(Figure 4.1.4a) following incubation for 48 h (under normal incubation conditions)
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compared with the untreated control TR146 cell monolayer structures (Figure 4.1.3a). 

An increase in the loss of cell membrane symmetry with associated cell shrinkage was 

not visually detectable by light microscopy with increasing immersion duration for the 

alumina particle air abraded immersion solutions. Indirect exposure of the TR146 cell 

monolayer structures to the clinically relevant polished disc-shaped specimens using 

the 1, 5, 9 and 14 day immersion solutions induced an increased loss of cell 

membrane integrity compared with the alumina particle air abraded finishing 

condition (Figure 4.1.4b). Cell shrinkage and cell rounding which culminated in cell 

death by complete cell detachment were detectable by light microscopy. Cell blebbing 

was evident whereby intracellular components of the TR146 cell monolayer structures 

were expelled which was not evident in the alumina particle air abraded finishing 

condition. An increase in the morphological changes elicited by the clinically relevant 

polished disc-shaped specimen immersion solutions was not evident with increasing 

immersion duration.

Figure 4.1.4 Visual assessment of >70% confluent TR146 cell monolayer structures 

incubated for 48 h and viewed under light microscopy following indirect exposure to 

the d. Sign® 10 alloy disc-shaped specimen 14 day immersion solutions in (a) an 

alumina particle air abraded and (b) a clinically relevant polished surface finish 

condition.
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Preliminary Remarks

• Direct exposure of the d.Sign® 10 disc-shaped specimens in the surface

finishing conditions investigated highlighted a loss o f TR146 cell symmetry and cell 

shrinkage with associated cell rounding compared with the untreated TR146 control 

cells.

• Direct exposure o f the clinically relevant polished surface finishing condition

caused the expulsion o f intracellular components from the TR146 cells which 

confirmed cell death which was not evident for the alumina particle air abraded 

surface finishing condition.

• Indirect exposure of the TR146 cell monolayer structures to the 1, 5, 9 and 14 

day immersion solutions for each surface finishing condition induced a loss o f cell 

symmetry and associated cell shrinkage.

• Cell blebbing was evident only in the TR146 cell monolayer structures

following indirect exposure to the clinically relevant polished surface finishing 

condition immersion solutions.
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Cell Density (with trvpsinisation)

Direct Exposure

The TR146 cell density was determined using a trypsin-based trypan blue dye assay 

for a final cell density (following trypsinisation) of 2x10^ in a solution of 2 mL CM 

which were incubated for 24 h at 37°C under normal conditions. The TR146 cell 

density results for the untreated control or following direct exposure to the dental 

casting alloy surface finishing conditions are shown in Figure 4.1.5.

O)o

10 ’

2 7224 48

■ Control 

AF’.a a  

• P o lish ec

Time (h)

Figure 4.1.5 The TR146 cell density results determined with trypsin using the 

trypan blue dye assay for the untreated control TR146 cells (Control) and TR146 cells 

following direct exposure to d. Sign® 10 disc-shaped specimens in the alumina particle 

air abraded (APAA) and clinically relevant polished (Polished) surface finishing 

condition for 2, 24, 48 and 72 h.
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The TR146 cell density results were analysed using linear and logarithmic regression 

analyses. The linear regression analysis of the TR146 cell density results for the 

untreated control showed no significant effect (P=0.0841) on TR146 cell density 

(Table 4.1.2) with increasing time (2, 24, 48 and 72 h) (Figure 4.1.6). Conversely, the 

logarithmic regression analysis for the untreated control showed a significant increase 

(P=0.0314) in TR146 cell density (Table 4.1.3) with increasing time from 2 to 72 h 

(Figure 4.1.6).

D e p e n d e n t  v a r i a b l e . .  C e l l D e n s i t y  M e t h o d . .  LINEAR

L i s t w i s e  D e l e t i o n  o f  H i s s i n g  D a ta

M u l t i p l e  R . 5 1 8 5 7
R S q u a r e  .2  6892
A d j u s t e d  R S q u a r e  . 1 9 5 8 1  
S t a n d a r d  E r r o r  2 7 9 5 4 . 1 5 8 7 5

A n a l y s i s  o f  V a r i a n c e :

DF Sura o f  S q u a r e s  Mean S q u a r e

R e g r e s s i o n  1 2 8 7 4 3 7 4 3 6 3 . 3  2 8 7 4 3 7 4 3 6 3 . 3
R e s i d u a l s  10 7 8 1 4 3 4 9 9 1 3 . 4  7 8 1 4 3 4 9 9 1 . 3

F = 3 . 6 7 8 3 3  S i g n i f  F = . 0 8 4 1

----------------------------------------  V a r i a b l e s  i n  t h e  E q u a t i o n  ----------------------------------------

V a r i a b l e  B SE B B e t a  T S i g  T

Time 1 3 8 4 2 . 8 6 6 6 6 7  7 2 1 7 . 7 3 2 7 5 3  . 5 1 8 5 7 2  1 . 9 1 8  . 0 8 4 1
( C o n s t a n t )  8 1 9 9 . 5 0 0 0 0 0  1 9 7 6 6 . 5 7 5 2 1  . 4 1 5  . 6 8 7 0

Table 4.1.2 Linear regression analysis: The control TR146 cell density results 

determined with trypsin using the trypan blue dye assay for the untreated control as 

incubation time increased from 2-72 h.
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Dependent variable. CellDensity Method.. LOGARITH

Listwise Deletion of Missing Data

Multiple R .62023
R Square .384 68
Adjusted R Square .32315 
Standard Error 25645.54018

Regression
Residuals

Analysis of Variance:

DF Sum of Squares

1 4111786966.3
10 6576937310.4

Mean Square

4111786966.3
657693731.0

F 6.25183 Signif F = .0314

Variable

Time
(Constant)

-----  Variables in the Equation ---

B SE B Beta

35554.819088 14219.85021 .620229
14557.884419 13507.38704

T Sig T

2 .500 
1.078

.0314

.3064

Table 4.1.3 Logarithmic regression analysis: The control TR146 cell density 

results determined with trypsin using the trypan blue dye assay for the untreated 

control as incubation time increased from 2-72 h.

50



100000

1000-

o  Oljsetved
 L ineaf
 Loqaritl'Mt^100

2 24 48 72
Time (h)

Figure 4.1.6 Linear and logarithmic regression analyses: The control TR146 cell 

density results determined with trypsin using the trypan blue dye assay for the 

untreated control as incubation time increased from 2-72 h.

Fitted lines:

Key: ^ ^ where m=slope and c=intercept with y-axis, r^=coefficient o f

1
y = —m + c

determination, P=probability, df=degrees of freedom and ^ where

m=inverse o f the slope and c=intercept with y-axis.

Linear: y=13842.9x + 8199.5 r^=0.2689 P=0.0841 df=10

Logarithmic: y=35554.8In(x) + 14557.8 r^=0.3847 P=0.0314 df^lO

51



The linear and logarithmic regression analyses following direct exposure of the 

TR146 cell monolayer structure to the alumina particle air abraded specimens 

determined with trypsin showed no significant linear (P=0.6172) or logarithmic 

(P=0.9832) effect on TR146 cell density with increasing exposure time (Figure 4.1.7). 

Significance values for the regression analyses are quoted rather than providing the 

individual regression analyses, although all statistical analyses are available in 

Appendices.
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Figure 4.1.7 Linear and logarithmic regression analyses: The cell density results 

following direct exposure determined with trypsin using the trypan blue dye assay for 

the alumina particle air abraded d.Sign® 10 disc-shaped specimens with increasing 

exposure time (2-72 h).

Fitted lines:

Linear: y=-4726.5x + 40158.8 r^=0.0259 P=0.6172 df=10

Logarithmic: y=430.3In(x) + 28000.6 r^=0.0005 P=0.9832 df=10

52



Following direct exposure o f the TR146 cell monolayer structure to the clinically 

relevant polished specimens, the TR146 cell density results determined with trypsin 

were subjected to linear and logarithmic regression analyses. Direct exposure o f the 

polished disc-shaped specimens did not elicit a significant linear (P=0.7740) or 

logarithmic (P=0.7423) effect on the TR146 cell density with increasing exposure 

time (Figure 4.1.8).
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Figure 4.1.8 Logarithmic and linear regression analyses: The cell density results 

following direct exposure determined with trypsin using the trypan blue dye assay for 

the clinically relevant polished d.Sign® 10 disc-shaped specimens with increasing 

exposure time (2-72 h).

Fitted lines;

Linear: y=-170.5x + 2643 r^=0.0083 P=0.7740 df=10

Logarithmic: y=425.4In(x) + 1878.7 r^=0.0113 P=0.7423 df=10
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Statistical Analyses

The one-way ANOVA of the pooled TR146 cell densit>' results following direct 

exposure to each surface finishing condition using trypsin with the trypan blue dye 

exclusion assay (Table 4.1.4), identified significant differences (P=0.0030) between 

the untreated control and surface finishing conditions (alumina particle air abraded 

and clinically relevant polished). The Tukey’s post-hoc tests o f the pooled TR146 cell 

density results (Table 4.1.5) identified a significant increase in TR146 cell density for 

the untreated control compared with direct exposure of the TR146 cells to the alumina 

particle air abraded (P=0.0390) and clinically relevant polished (P<0.0001) disc

shaped specimens. Additionally, a significant increase in TR146 cell density 

following direct exposure to the alumina particle air abraded compared with the 

clinically relevant polished surface finishing condition (?<0.0001) was identified.

Between-Sirti|«cts Fdctois

Vaiue Label N
Effect 1 00 Control 12

2 0 0 APAA 12
3.00 Po lished 12

Tests of Between-Sitf)jects Effects

D ep en d en tV an ab le  CeilDensity

Source
Type lil Sunn 
of S q u a res df Mean S quare F Sig.

Corrected Model 1 018E+10^ 2 5078616531 7.079 ,003
Intercept 2.153EM D 1 2.153E*10 3 0 0 1 2 000
Effect 101 6 E + 1 0 2 5078616531 7.079 ,003
Error 2 367E*10 33 717381289,9
Total 5 5 3 6 E * 1 0 36
Corrected Total 3.383E+10 35

a R S quared  = .300 (Adjusted R S q u ared  = .258)

Table 4.1.4 One-way ANOVA of the pooled cell density results (direct exposure) 

for the untreated control (Control) and the alumina particle air abraded and clinically 

relevant polished surface finishing conditions (Effect) when using trypsin with the 

trypan blue dye exclusion assay.
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Midri)>le Conip.visoiis

D ependen tV ariab le: CellO ensity

TukeyHSD_______________________________________________

(1) Effect (J) Effect

Mean
Difference

(l-J) Std Error Sig

95%  Confidence Interval

Lower Bound U pper Bound
Control APAA 14464 1667* 5531 478 .039 6 5 04774 28277,8559

P olished 40589.9167* 5531.478 000 26776.2274 54403 6059
APAA Control -14464  167* 5531,478 ,039 -28277.8559 -650 4774

P olished 261257500* 5531 478 000 12312 0607 39939 4393
P o lish ed  Control -40589.917* 5531.478 000 -54403.6059 -26776,2274

APAA -26125.750* 5531.478 ,000 -39939,4393 -12312 0607

B a se d  on observed  m e a n s

* The m ean  difference is significant at the 05 level.

Table 4.1.5 Tukey’s post-hoc test of the pooled cell density results when using 

trypsin with the trypan blue dye exclusion assay of the untreated control (Control) 

compared with the TR146 cells following direct exposure to the alumina particle air 

abraded (APAA) and clinically relevant polished (Polished) surface finishing 

condition.

Cell Density (with trvpsinisation)

Indirect Exposure

Sterilised dental casting alloy disc-shaped specimens (for each surface finishing 

condition) were placed into 50 mL of SFM for immersion durations of 1, 5, 9 and 14 

days. A TR146 cell density of 2x10^ in a solution of 2 mL CM was incubated for 24 h 

at 37°C and the TR146 cell monolayer structures following indirect exposure to 1 mL 

of the alloy immersion solutions were incubated at 37°C for a maximum of 72 h (with 

exposure times o f 2, 24, 48 and 72 h). Cells were treated with trypan blue dye with 

trypsin and counted in situ where the cell density was calculated for the field of vision 

and then for the entire well. The cell density measurements for the TR146 cells 

exposed to the alumina particle air abraded and clinically relevant polished immersion 

solutions are shown in Figure 4.1.9.
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Figure 4.1.9 The TR146 cell density results determined with trypsin using the 

trypan blue dye assay for the untreated control TR146 cells (Control) and TR146 cells 

following indirect exposure to the (a) 1 day, (b) 5 day, (c) 9 day and (d) 14 day 

d.Sign®10 alumina particle air abraded (APAA) and clinically relevant polished 

(Polished) surface finishing condition immersion solutions for 2, 24, 48 and 72 h 

(Time).

Previously, the linear regression analysis o f the untreated control showed no 

significant effect (P=0.0841) in TR146 cell density (Table 4.1.2) with increasing time 

(2, 24, 48 and 72 h) (Figure 4.1.6). Conversely, the logarithmic regression analysis for 

the untreated control showed a significant increase (P=0,0314) in TR146 cell density 

(Table 4.1.3) with time from 2 to 72 h (Figure 4.1.6).
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The TR146 cell monolayer structures exposed to the dental casting alloy immersion 

solutions in the surface finishing conditions investigated had linear and logarithmic 

regression analyses performed. The linear and logarithmic regression analyses 

following indirect exposure at 1 day of the TR146 cell monolayer structure to the 

alumina particle air abraded immersion solution showed no significant linear 

(P=0.5977) or logarithmic (P=0.9498) effect on TR146 cell density with increasing 

exposure time (Figure 4.1.10). All linear and logarithmic analyses performed in this 

section and subsequent sections are reported as Fitted lines within figures however the 

analyses are available in the Appendices.
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Figure 4.1.10 Linear and logarithmic regression analyses: The cell density results 

determined with trypsin using the trypan blue dye assay for TR146 cells following 

indirect exposure to the 1 day immersion solutions of the alumina particle air abraded 

d.Sign® 10 disc-shaped specimens as exposure time increased from 2-72 h.

Fitted lines:

Linear: y=-5382.7x + 48757.8 r^=0.0288 P=0.5977 df=10

Logarithmic: y=1389.11n(x) + 34197,1 r^=0.0004 P=0.9498 df=10
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The TR146 cells, following indirect exposure to the alumina particle air abraded 

immersion solutions for 5 (Figure 4.1.11), 9 (Figure 4.1.12) and 14 days (Figure 

4.1.13) did not show significant linear reductions (P>0.3121) in cell density with 

increasing exposure time from 2 to 72 h. The logarithmic analyses showed a 

significant decrease (P=0.0071) in cell density for the 9 day immersion duration, 

however, no significant reductions (P>0.6919) in cell density were observed for the 5 

and 14 day immersion solutions.
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Figure 4.1.11 Linear and logarithmic regression analyses: The cell density results 

determined with trypsin using the trypan blue dye assay for TR146 cells following 

indirect exposure to the 5 day immersion solutions of the alumina particle air abraded 

d.Sign® 10 disc-shaped specimens as exposure time increased from 2-72 h.

Fitted lines:

Linear; y=-6354.9x + 50008.8 r^=0.0504 P=0.4827 df=10

Logarithmic; y=3419.8In(x) + 36838.7 r^=0.0031 P=0.8621 df=10
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Figure 4.1.12 Linear and logarithmic regression analyses: The cell density results 

determined with trypsin using the trypan blue dye assay for TR146 cells following 

indirect exposure to the 9 day immersion solutions o f the alumina particle air abraded 

d.Sign®10 disc-shaped specimens as exposure time increased from 2-72 h.

Fitted lines:

Linear: y=-6373.2x + 40378.2 r^=0.1018 P=0.3121 df=10

Logarithmic: y=-5952.6In(x) + 29174.5 r^=0.1926 P=0.0071 df=10
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Figure 4.1.13 Linear and logarithmic regression analyses: The cell density results 

determined with trypsin using the trypan blue dye assay for TR146 cells following 

indirect exposure to the 14 day immersion solutions o f the alumina particle air 

abraded d.Sign® 10 disc-shaped specimens as exposure time increased from 2-72 h.

Fitted lines:

Linear: y=-589.6x + 16626.8 r^=0.0023 P=0.8836 df=10

Logarithmic: y=3414.3In(x) + 12440.0 r^=0.0164 P=0.6919 df=10
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To provide an overall view o f the TR146 cell density variations with increasing 

immersion duration (from 1 to 14 day), linear and logarithmic regression analyses 

(Figure 4.1.14) o f the pooled TR146 cell density results for the d.Sign®10 disc-shaped 

specimens in the alumina particle air abraded surface finishing condition were 

performed and highlighted significant linear (P=0.0129) and logarithmic (P=0.0191) 

reductions in TR146 in cell density.
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Figure 4.1.14 Linear and logarithmic regression analyses: The cell density 

measurements determined with trypsin using the trypan blue dye assay for the 

untreated control TR146 cells and the TR146 cells following indirect exposure to the 

1, 5, 9 and 14 day immersion solutions o f the alumina particle air abraded d.Sign®10 

disc-shaped specimens.

Fitted lines:

Linear: y=-6616.3x + 50214.5 rM .1018  P=0.0129 df=58

Logarithmic: y=-15563.91n(x) + 45267.9 r^=0.0910 P=0.0191 df=58
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The linear (Table 4.1.6) and logarithmic (Table 4.1.7) regression analyses following 

indirect exposure o f the TR146 cells to the clinically relevant polished immersion 

solutions at 1, 5, 9 and 14 day were not significantly influenced (P>0.2848 and 

P>0.5900, respectively) by increasing exposure time from 2 to 72 h. Individual plots 

o f the linear and logarithmic regression analyses for exposure time are not shown, 

although the figures and analyses are available in the Appendices.

Equation of the Line P value df

Control y=13842.9x + 8199.5 0.2689 0.0841 10

1 day y=-1223.6x+ 16387.0 0.0157 0.6983 10

5 day y=-9508.2x + 53085.2 0.1132 0.2848 10

9 day y=-1487.9x+ 15221.3 0.0310 0.5842 10

14 day y=-1338.3x+ 13002.7 0.0239 0.6312 10

Table 4.1.6 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and df) for the cell density data obtained using the trypan blue dye assay 

with trypsin for the untreated control TR146 cells and following indirect exposure o f 

the TR146 cells to the 1, 5, 9 and 14 day clinically relevant polished d.Sign®10 

immersion solutions at 2, 24, 48 and 72 h exposure times.

Equation of the Line r' P value df

Control y=35554.8In(x)+ 14557.8 0.3847 0.0314 10

1 day y=1185.3In(x)+ 12386.3 0.0031 0.8616 10

5 day y=-10518.7In(x) + 37639.9 0.0301 0.5900 10

9 day y=90.4In(x) + 11429.7 <0.0001 0.9877 10

14 day y=527.6In(x) + 9237.5 0.0008 0.9302 10

Table 4.1.7 Comparison o f the logarithmic regression analysis data (equation o f the 

line, r^, P values and df) for the cell density data obtained using the trypan blue dye 

assay with trypsin for the untreated control TR146 cells and following indirect 

exposure o f the TR146 cells to the 1, 5, 9 and 14 day clinically relevant polished 

d.Sign® 10 immersion solutions at 2, 24, 48 and 72 h exposure times.
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Linear and logarithmic regression analyses were performed to show the pooled TR146 

cell density results obtained with increasing immersion durations o f 1, 5, 9 and 14 

days o f the clinically relevant polished d.Sign®10 immersion solutions. Significant 

linear (P=0.0019) and logarithmic (P=0.0009) reductions in cell density were 

observed with increasing immersion duration for the clinically relevant polished 

d.Sign®10 immersion solutions (Figure 4.1.15).
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Figure 4.1.15 Linear and logarithmic regression analyses: The cell density 

measurements determined with trypsin using the trypan blue dye assay for the 

untreated control TR146 cells and the TR146 cells following indirect exposure to the 

1, 5, 9 and 14 day immersion solutions o f the clinically relevant polished d.Sign® 10 

disc-shaped specimens.

Fitted lines:

Linear: y=-6812.6x + 41753.0 r^=0.1541 P=0.0019 df=58

Logarithmic: y=-18044.6In(x) + 38592.8 r^=0.1746 P=0.0009 df=58
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Statistical Analyses

A one-way ANOVA of the pooled TR146 cell density measurements for exposure 

time and immersion duration was performed (Table 4.1.8) to determine differences in 

surface finishing conditions (alumina particle air abraded and clinically relevant 

polished) and a significant decrease (P=0.0030) in TR146 cell density was evident. 

The Tukey’s post-hoc tests showed a significant decrease in cell density was observed 

when the untreated control TR146 cells were compared with indirect exposure of the 

TR146 cells to the clinically relevant polished (P=0.0040) but not with the alumina 

particle air abraded (P=0.1450) immersion solutions (Table 4.1.9). No significant 

difference (P=0.0790) in TR146 cell density following indirect exposure to the 

surface finishing conditions investigated was observed compared with the untreated 

control TR146 cells.

Value Label N
Effect 1.00 Control 12

2 0 0 APAA 48
3.00 P o lish ed 48

Tests of Between-Subiects Effects

D ep en d en t Variable: CeliPensrty

S ource
Type 111 Sum  
of S q u a res df M ean S quare F SIg.

C orrected  Model 7869144784^ 2 3934572392 6.094 .003
Intercept 5 .917E+10 1 6,917E*10 91,665 ,000
Effect 7869144784 2 3 934572392 6.094 ,003
Error 6 779E+10 105 645612610.4
Total 1,376E+11 108
C orrected  Total 7-566E>10 107

a R S q u ared  = ,104 (Adjusted R S q u ared  = .087)

Table 4.1.8 One-way ANOVA of the pooled TR146 cell density results determined 

with trypsin using the trypan blue dye exclusion assay for the alumina particle air 

abraded (APAA) and clinically relevant polished (Polished) surface finishing 

conditions (Effect).
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Muttipie Comp<iiisoi)s

D ep en d en t Variable: CeilDensfty'

Tukey HSD___________ ______________ ____________ __

(1) Effect (J) Effect

Mean
Difference

(f-J) Std. E^or Sig
95% Confidence Interval

Lower Bound U pper Bound
Control APAA 15551 5625 8200 690 ,145 -3944 8014 35047 9264

P o lish ed 26864.3750* 8200.890 ,004 7368.0111 46360,7389
APAA Control -15551,563 8200.690 ,145 -35047.9264 3944 8014

P o lish ed 11312,8125 5186.572 .079 -1017,7707 23643.3957

P olished  Control -26864 375* 8200 690 ,004 -46360 7389 -7368 0111
APAA -1 1 3 1 2 8 1 3 5186.572 ,079 -23643,3957 1017 7707

B a se d  on o bserved  m ean s .

* The m ean  difference is  significant a t the ,05 level.

Table 4.1.9 Tukey’s post-hoc test o f pooled cell density measurements using 

trypsin with the trypan blue dye assay for the untreated control TR146 cells (Control) 

and cells following indirect exposure to immersion solutions o f alumina particle air 

abraded (APAA) and clinically relevant polished (Polished) disc-shaped specimens.

Prelim inary Remarks

• The author hypothesized that the action o f the trypsin enzyme (to remove 

adherent cells) exacerbated the levels o f cell death observed in the untreated control 

TR146 cells at 2 h incubation time, which skewed the statistical analyses. As a result 

o f  the artificially low cell density measurements a trypsin-free method was developed 

and consequently used for the remainder o f the study.
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Cell Density (without trypsinisation)

Direct Exposure

The TR146 cell density was determined using a trypan blue dye assay (without 

trypsinisation) for a final cell density of 2x10^ in a solution o f 2 mL CM and 

incabated for 24 h at 37°C under normal incubation conditions. The TR146 cell 

monolayer structures were either untreated or treated following direct exposure to the 

dertal casting alloy disc-shaped specimens in each o f the surface finishing conditions 

for increasing exposure time (2-72 h) (Figure 4.1.16).
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Figire 4.1.16 The TR146 cell density results determined without trypsin using the 

tryfan blue dye assay for the untreated control TR146 cells (Control) and TR146 cells 

following direct exposure to the d. Sign® 10 disc-shaped specimens in the alumina 

particle air abraded and clinically relevant polished surface finishing condition for 2, 

24, 48 and 72 h.
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Linear and logarithmic regression analyses were also performed. The linear regression 

analysis for the untreated control showed no significant effect (P=0.0517) in TR146 

cell density with increasing time (2, 24, 48 and 72 h) (Figure 4.1.17). However, the 

logarithmic regression analysis for the untreated control showed a significant decrease 

(P=0.0078) in TR146 cell density with increasing exposure time from 2 to 72 h 

(Figure 4.1.17).
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Figure 4.1.17 Linear and logarithmic regression analyses; The TR146 cell density 

results determined without trypsin using the trypan blue dye assay for the untreated 

control TR146 cells as exposure time increased from 2-72 h.

Fitted lines;

Linear; y=62452.6x + 310422.0 r^=0.3278 P=0.0571 df=10

Logarithmic; y=169467.3In(x) + 331909.5 r^=0.5234 P=0.0078 df=10
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The Hnear (Table 4.1.10) and logarithmic (Table 4.1.11) regression analyses 

following direct exposure o f the TR146 cell monolayer structure to the alumina 

particle air abraded disc-shaped specimens determined without trypsin showed a 

significant linear (P<0.0001) and logarithmic (P<0.0001) decrease with increasing 

exposure time. Following direct exposure o f the TR146 cell monolayer structures to 

the clinically relevant polished specimens, the TR146 cell density results determined 

without trypsin were subjected to linear (Table 4.1.10) and logarithmic (Table 4.1.11) 

regression analyses. Direct exposure o f the polished disc-shaped specimens elicited a 

significant linear (P=0.0011) and logarithmic (P<0.0001) decrease on the TR146 cell 

density with increasing exposure time.

Equation of the Line P value df

Control y=62452.6x + 310422.0 0.3278 0.0571 10

APAA y=-34784.7x+ 129218.8 0.8868 <0.0001 10

Polished y=-22125.7x + 75298.8 0.6730 0.0011 10

• • 2Table 4.1.10 Comparison o f linear regression analysis data (equation o f the line, r , 

P values and df) for the total cell density data obtained using the trypan blue dye assay 

without trypsin for the untreated control TR146 cells and following direct exposure o f 

the TR146 cells to the alumina particle air abraded (APAA) and clinically relevant 

polished (Polished) d.Sign®10 disc-shaped specimens at 2, 24, 48 and 72 h exposure 

times.
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Equation of the Line r' P value df

Control y=169467.3In(x) + 331909.5 0.5234 0.0078 10

APAA y=-76189.4In(x) + 102790.4 0.9226 <0.0001 10

Polished y=-53001.1In(x) + 62094.6 0.8374 <0.0001 10

Table 4.1.11 Comparison o f logarithmic regression analysis data (equation o f the 

line, r^, P values and df) for the total cell density data obtained using the trypan blue 

dye assay without trypsin for the untreated control TR146 cells and following direct 

exposure o f the TR146 cells to the alumina particle air abraded (APAA) and clinically 

relevant polished (Polished) d.Sign® 10 disc-shaped specimens at 2, 24, 48 and 72 h 

exposure times.

Statistical Analyses

The one-way ANOVA o f the pooled TR146 cell density results, for the surface 

finishing conditions investigated without trypsin using the trypan blue dye exclusion 

assay, identified significant (P<0.0001) cell density reductions between the untreated 

control and surface finishing conditions (alumina particle air abraded and clinically 

relevant polished) (Table 4.1.12). The Tukey’s post-hoc tests o f the pooled TR146 

cell density results (Table 4.1.13) identified a significant increase in TR146 cell 

density for the untreated control compared with direct exposure o f the TR146 cells to 

the alumina particle air abraded (P<0.0001) and clinically relevant polished 

(P<0.0001) disc-shaped specimens. However, there was no significant difference in 

TR146 cell density for cells following direct exposure to the alumina particle air 

abraded or the clinically relevant polished (P=0.7740) surface finishing conditions 

compared with the untreated control TR146 cells.
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Betweeii-$iit))ects Ftictois

Value Label N
Effect 1.00 Control 12

2 00 A P M 12

3.00 Polished 12

Tests of Befweeii SiM>jects Effects

D ependentV ariab le . C ellDensity

Source
Type III Sum 
o f Squares df Mean Square F Sig.

Corrected Model 1.520E+12^ 2 7,599E*11 119,507 ,000
Intercept 1.118E+12 1 1.118E+12 175 904 .000

Effect 1.520E+12 2 7.599E+11 119,507 000
Error 2 098E*11 33 6358578585

Total 2.848E+12 36

Corrected Total 1.730E+12 35

a R Squared  = 879 (Adjusted R Squared = 871)

Table 4.1.12 One-way ANOVA o f the pooled TR146 cell density results determined 

without trypsin using the trypan blue dye assay for the untreated control TR146 cells 

(Control) following direct exposure to the alumina particle air abraded and clinically 

relevant polished d. Sign® 10 disc-shaped specimens.

Miiltiple C<MiH)<>iisons

D ependentV ariab le : C ellDensity 

Tukey HSD

(1) Effect (J) Effect

Mean
Difference

0-J) Std, Error Sig

95%  Confidence Interval

Lower Bound U pper Bound
Control APAA 424296 75* 32554 00 000 344415,9164 504177.5836

Polished 446569 17* 32554 00 000 366 68 8 33 3 0 526450 0003

APAA Control ■424296,75* 32554 00 000 -504177 5836 -344415.9164

Polished 22272 4167 32554.00 774 -57608 4170 102153.2503

Polished  Control -446569 17* 32554 00 000 -526450 0003 -366688 3330

APAA -22272 417 32554.00 774 -102153,2503 57608.4170

Based on  observed m eans.

* The m ean difference is s ign ifican t at the .05 level

Table 4.1.13 Tukey’s post-hoc tests o f the pooled TR146 cell density results without 

trypsin using the trypan blue dye exclusion assay for the untreated control TR146 

cells (Control) and TR146 cells following direct exposure to the alumina particle air 

abraded and clinically relevant polished d.Sign®10 surface finishing conditions.
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Cell Density (without trypsinisation)

Indirect Exposure

Sterilised dental casting alloy disc-shaped specimens (in the surface finishing 

conditions investigated) were placed into 50 mL of SFM for extended immersion 

durations of 1, 5, 9 and 14 days. A TR146 cell density (without trypsinisation) of 

2x10^ in a solution of 2 mL CM were incubated for 24 h at 37°C and the TR146 cell 

monolayer structures were exposed to 1 mL of the alloy immersion solutions and 

incubated for a maximum of 72 h (with exposure times of 2, 24, 48 and 72 h) at 37°C. 

Cells were treated with trypan blue dye without trypsin and counted in situ where the 

cell density was calculated for the field of vision and then for the entire well (F igure 

4.1.18).
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Figure 4.1.18 The TR146 cell density results determined without trypsin using the 

trypan blue dye assay for the untreated control TR146 cells (Control) and TR146 cells 

following indirect exposure to the alumina particle air abraded (APAA) and clinically 

relevant polished surface finishing condition d. Sign® 10 immersion solutions o f (a) 1 

day, (b) 5 day, (c) 9 day and (d) 14 day immersion duration for 2, 24, 48 and 72 h.

The linear regression analysis of the untreated control showed no significant decrease 

(P=0.0571) in TR146 cell density with increasing time while the logarithmic 

regression analysis showed a significant effect (P=0.0078) in TR146 cell density with 

time (Figure 4.1.17). The linear (Table 4.1.14) and logarithmic (Table 4.1.15)
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regression analyses o f the TR146 cell density measurements following indirect 

exposure to the alumina particle air abraded immersion solutions at 1 day immersion 

duration were not significantly reduced (P=0.9810 and P=0.6018, respectively). The 

TR146 cell density measurements for the alumina particle air abraded immersion 

solutions were significantly reduced (linear (P<0.0439) and logarithmic (?<0.0495), 

respectively) by increasing the exposure time from 2 to 72 h for the 5 day, 9 day and 

14 day immersion durations.

Equation of the Line P P value df

Control y=62452.6x + 310422.0 0.3278 0.0571 10

1 day y=12.7x+ 16451.7 0.0001 0.9810 10

5 day y=-1618.3x+ 10035.8 0.3742 0.0345 10

9 day y=1360.7x + 2260.2 0.3470 0.0439 10

14 day y=-954.2x + 9273.0 0.4440 0.0180 10

Table 4.1.14 Comparison of linear regression analysis data (equation of the line, r ,̂ 

P values and df) for the cell density data obtained using the trypan blue dye assay 

without trypsin for the untreated control TR146 cells and following indirect exposure 

of the TR146 cells to the 1, 5, 9 and 14 day alumina particle air abraded (APAA) 

d.Sign®10 immersion solutions at 2, 24, 48 and 72 h exposure times.
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Equation of the Line P value df

Control y=169467.3In(x) + 331909.5 0.5234 0.0078 10

1 day y=-5992.9In(x)+ 16954.5 0.0282 0.6018 10

5 day y=-3661.1In(x) + 8898.9 0.4153 0.0237 10

9 day y=3643.9In(x) + 2776.6 0.5397 0.0065 10

14 day y=-1662.8In(x) + 8208.5 0.2924 0.0495 10

Table 4.1.15 Comparison of logarithmic regression analysis data (equation of the 

line, r , P values and df) for the TR146 cell density data obtained using the trypan 

blue dye assay without trypsin for the untreated control TR146 cells and following 

indirect exposure of the TR146 cells to the 1, 5, 9 and 14 day alumina particle air 

abraded (APAA) d.Sign® 10 immersion solutions at 2, 24, 48 and 72 h exposure times.
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The pooled TR146 cell density data (using the trypan blue dye assay without trypsin) 

following indirect exposure to the d.Sign® 10 alumina particle air abraded immersion 

solutions for increasing immersion durations of 1, 5, 9 and 14 days were analysed 

using linear and logarithmic regression analyses. It was highlighted that as the 

immersion duration increased (1-14 days), significant linear (P<0.0001) and 

logarithmic (P<0.0001) reductions in TR146 cell density were observed (Figure 

4.1.19).
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Figure 4.1.19 Linear and logarithmic regression analyses: The cell density 

measurements determined without trypsin using the trypan blue dye assay for the 

untreated control TR146 cells and the TR146 cells following indirect exposure to the 

1, 5, 9 and 14 day immersion solutions of the alumina particle air abraded d.Sign® 10 

disc-shaped specimens.

Fitted lines:

Linear: y=-93015.4x + 379361.5 r^=0.4737 P<0.0001 df=58

Logarithmic: y=-274417.5In(x) + 363069.6r^=0.6661 ?<0.0001 df=58
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The linear (Table 4.1.16) and logarithmic (Table 4.1.17) regression analyses o f the 

TR146 cell density following indirect exposure to each o f the clinically relevant 

polished immersion solutions were significantly decreased (P<0.0014 and P<0.0016, 

respectively) on increasing the exposure time from 2 to 72 h.

Equation of the Line r' P value df

Control y=62452.6x + 310422.0 0.3278 0.0571 10

1 day y=-3543.3x + 22201.5 0.6562 0.0014 10

5 day y=-996.2x + 8073.0 0.9667 <0.0001 10

9 day y=-1527.1x + 8324.0 0.9463 <0.0001 10

14 day y=-1848.8x + 6962.8 0.9630 <0.0001 10

Table 4.1.16 Comparison o f linear regression analysis data (equation o f the line, r^, 

P values and df) for the TR146 cell density data obtained using the trypan blue dye 

assay without trypsin for the untreated control TR146 cells and following indirect 

exposure o f the TR146 cells to the 1, 5, 9 and 14 day clinically relevant polished 

d.Sign® 10 immersion solutions at 2, 24, 48 and 72 h exposure times.
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Logarithmic Slope of Line r' P value df

Control y=169467.3In(x) + 331909.5 0.5234 0.0078 10

1 day y=-7560.4In(x)+ 19350.1 0.6478 0.0016 10

5 day y=-2080.5In(x) + 7235.4 0.9143 <0.0001 10

9 day y=-3215.8In(x) + 7061.2 0.9099 <0.0001 10

14 day y=-4000.4In(x) + 5519.1 0.9777 <0.0001 10

Table 4.1.17 Comparison o f logarithmic regression analysis data (equation of the 

line, r , P values and df) for the TR146 cell density data obtained using the trypan 

blue dye assay without trypsin for the untreated control TR146 cells and following 

indirect exposure of the TR146 cells to the 1, 5, 9 and 14 day clinically relevant 

polished d.Sign®10 immersion solutions at 2, 24, 48 and 72 h exposure times.
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Linear and logarithmic regression analyses were performed on the pooled TR146 cell 

density results obtained using the trypan blue dye assay without trypsin following 

indirect exposure to the clinically relevant polished d.Sign®10 immersion solutions 

with increasing exposure time from 1 day to 14 day. The increasing immersion 

duration o f the clinically relevant polished d.Sign® 10 disc-shaped specimens to the 

TR146 cells elicited significant linear (P<0.0001) and logarithmic (P<0.0001) 

decreases in TR146 cell density (Figure 4.1.20).
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Figure 4.1.20 Linear and logarithmic regression analyses: The cell density 

measurements determined without trypsin using the trypan blue dye assay for the 

untreated control TR146 cells and the TR146 cells following indirect exposure to the 

1, 5, 9 and 14 day immersion solutions of the cHnically relevant polished d.Sign® 10 

disc-shaped specimens.

Fitted lines;

Linear: y=-93726.2x + 379644.1 r^=0.4765 P<0.0001 df=58

Logarithmic: y=-276080.8In(x) + 36812.2 r^=0.6679 P<0.0001 df=58
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Statistical Analyses

A one-way ANOVA (Table 4.1.18) showed a significant effect was evident for 

surface finishing condition (P<0.0001). The Tukey’s post-hoc tests as shown in Table 

4.1.19 highlighted significant decreases in TR146 cell density were evident when the 

alumina particle air abraded (P<0.0001) and clinically relevant polished (P<0.0001) 

immersion solutions were compared with the untreated control TR146 cells. No 

significant difference (P=0.9600) was evident between the effects of the alumina 

particle air abraded and clinically relevant polished immersion solutions to reduce 

TR146 cell density compared with the untreated control TR146 cells.

Between-StiHects Factors

V alue Label N
Effect 1.00 Control 12

2.00 APAA 48
3.00 P o lished 48

Tesis of Bfrtweeii-Sirt>jects Effects

D ependen t Variable: CellDenstty

Source
Type IN Surri 
of S q u a res df M ean S quare F Sig

Corrected Model 2 .2 4 7 E + 1 2 ' 2 1 .123E M 2 6 5 2 1 0 5 .000
Intercept 1.857E+12 1 1,857E*12 1077,688 000
Effect 2.247E>12 2 1 123E»12 652.105 000
Error 1 809E+11 105 1722839836
Total 2.799E+12 108
Corrected Total 2 428E*12 107

a. R S q u ared  = .925 (Adjusted R S q u ared  = .924)

Table 4.1.18 One-way ANOVA of the pooled TR146 cell density results determined 

without trypsin using the trypan blue dye assay for the alumina particle air abraded 

and clinically relevant polished surface finishing conditions (Effect).

MiiRitHe Coinpatisoiis

D ependen t Variable: CellDensitif 
Tukey HSD_____________________

(1) Effect (J) EtTect

Mean
Difference

(l-J) Std. Error Sig.
95%  Confidence interval

Lower Bound U pper Bound
Control APAA 457797.96* 13396.36 .000 425949 3784 489646.5383

P olished 460110,50’ 13396,36 000 428261.9201 491959.0799
APAA Control -457797,96* 13396.36 ,000 -489646-5383 -425949,3784

P olished 2312.5417 8472.603 .960 -17830,2689 22455.3522
P olished  Control -460110.50* 13396,36 ,000 -491959,0799 -428261.9201

APAA -2312.5417 8472 603 960 -22455,3522 17830,2689

B ased  on o bserved  m ean s .
'  The m ean  difference Is slpnlflcant at the  .05 level.

Table 4.1.19 Tukey’s post-hoc tests of the pooled TR146 cell density results without 

trypsin using the trypan blue dye exclusion assay for the untreated control TR146 

cells (Control) and following indirect exposure to the alumina particle air abraded and 

clinically relevant polished d.Sign® 10 immersion solutions.
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Preliminary Remarks

• Direct exposure of alumina particle air abraded and clinically relevant 

polished d.Sign® 10 disc-shaped specimens to the TR146 cell monolayer structures 

highlighted a significant decrease (P<0.0001) in cell density compared with the 

untreated control TR146 cells. No significant difference (P=0.7740) was evident in 

the loss of cell density elicited by the alumina particle air abraded and clinically 

relevant polished surface finishing condition of the disc-shaped specimens.

• Indirect exposure o f the TR146 cells to the alumina particle air abraded and 

clinically relevant polished immersion solutions highlighted a significant decrease 

(P<0.0001) in cell density compared with the untreated control TR146 cells. A 

significant difference (P=0.9600) was not shown in the reduction of cell density 

elicited by the immersion solutions o f the alumina particle air abraded and clinically 

relevant polished surface finishing condition of the disc-shaped specimens.
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Expression o f Inflammatory Cytokines

The expression o f the inflammatory cytokines (IL -la , IL-8, PGE2 and TNF-a) by the 

TR146 cell monolayer structures was assessed using ELISAs in accordance with 

Section 3.9 for the alumina particle air abraded and clinically relevant polished 

surface finishing conditions following direct or indirect exposure (exposure method).

IL -la

The boxplot (Figure 4.1.21) shows low levels of expression of the IL -la  

inflammatory cytokine (in pg/mL) from the untreated control TR146 cells (Control) 

and increased levels o f expression following direct exposure to the d. Sign® 10 disc

shaped specimens or indirect exposure to the d. Sign® 10 immersion solutions at 24 h.

100.00-

7?.c o 

at
".0 0 0 -

0 .00-

APAA

Effect

Figure 4.1.21 Boxplot analysis o f IL -la  inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f the d.Sign®10 disc-shaped specimens in the alumina particle air abraded 

(APAA) and clinically relevant polished (Polished) surface finishing conditions at 24 

h.
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A two-way ANOVA (surface finishing condition x exposure method) showed a 

significant increase (P<0.0001) in IL -la  cytokine expression was evident for surface 

finishing condition x exposure method (Table 4.1.20). Tukey’s post-hoc tests (Table 

4.1.21) highlighted that the expression of the IL -la  inflammatory cytokine was 

significantly reduced for the untreated control TR146 cells compared with the alumina 

particle air abraded (P<0.0001) and the clinically relevant polished (P<0.0001) 

groups. The expression of the IL -la  cytokine was also significantly reduced 

(?<0.0001) for the alumina particle air abraded group compared with the clinically 

relevant polished group. A student’s t-test comparison of direct and indirect exposure 

methods highlighted that direct exposure of the disc-shaped specimens for both 

surface finishing conditions highlighted significantly higher (P<0.0001) levels IL -la  

inflammatory cytokine expression compared with indirect exposure (Table 4.1.22).

Betweeii-Siibi^cls Factois

Value Label N
Effect 1.00 Control 6

2.00 A P M 6
3 00 P o lished 6

Exposure 1.00 Direct 9
2 00 Indirect 9

Tests <>f Betweeii-$itf>iect$ Effects

D ep en d en t Variable: ILi

Source
T ^ e  ill Sum  
of S q u a res df M ean Square F Sig

C orrected  Model 22210.696^ 5 4442.139 661.773 .000
Intercept 70012.820 1 70012.820 10430.250 ,000
Effect 17614 040 2 8807.020 1312 037 .000
Exposure 3554.931 1 3554 931 529 600 000
E ffe c t 'E x p o su re 1041.725 2 520.863 77.596 .000
Error 80,550 12 6 712
Total 92304 066 18
C orrected  Total 22291.246 17

a  R S q u ared  = .996 (Adjusted R S q u ared  = ,995)

Table 4.1.20 Two-way ANOVA of the pooled IL -la  inflammatory cytokine 

expression results of the TR146 cell monolayer structures for the alumina particle air 

abraded and clinically relevant polished surface finishing conditions (Effect) and 

direct and indirect exposure methods (Exposure).
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MiiRlpte Compaiisoiis

D ependen t Variable: IL1 
TukeyHSD____________

(1) Effect (J) Effect

Mean
Difference

(i-J) Std. Error Sig.
95% Confidence Interval

Lower Bound U pper Bound
Control A P M -49.9017* 1 49583 .000 -53.8923 -45.9110

P olished -75.3083* 1.49583 .000 -79.2990 -71.3177
A P M Control 49.9017* 1.49583 000 45.9110 53.8923

Polished -25 4067* 1 49583 .000 -29 3973 -21,4160
Polished Control 75.3083* 1.49583 .000 71.3177 79,2990

APM 25,4067* 1.49583 .000 21,4160 29,3873

B ased  on o bserved  m ean s .

* The m ean  difference is  significant at the 05 level

Table 4.1.21 Tukey’s post-hoc test o f  the pooled IL -la inflammatory cytokine 

expression results by the TR146 cell monolayer structures o f the untreated (Control) 

and the alumina particle air abraded and clinically relevant polished surface finishing 

conditions (Effect).

Oti«Safiiple Sttitistics

N Mean Std. Deviation
Std Error 

Mean
Exposure 18 1,5000 51450 12127

One-S^i)pl« Test

T estV alu e  = 0

t df Sig. (2-taiied)
Mean

Difference

95% Confidence 
Internal ofttie 

Difference
Lower U pper

Exposure 12.369 17 .000 1.50000 1.2441 1,7559

Table 4.1.22 A student’s t-test comparison o f direct and indirect exposure methods 

o f the pooled IL -la inflammatory cytokine expression results by TR146 cells treated 

with the d.Sign® 10 disc-shaped specimens in the alumina particle air abraded and 

clinically relevant polished surface finishing conditions.
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IL-8

A boxplot analysis showing the expression of the IL-8 inflammatory cytokine in 

pg/mL from the untreated control TR146 cells and following direct and indirect 

exposure to the TR146 cells to both surface finishing conditions of the d. Sign® 10 

dental casting alloys investigated (Figure 4.1.22).
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Figure 4.1.22 Boxplot analysis of the IL-8 inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f the d.Sign®10 disc-shaped specimens in the alumina particle air abraded 

(APAA) and clinically relevant polished (Polished) surface finishing conditions at 24 

h.
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A two-way ANOVA of the factors surface finishing condition x exposure method was 

performed (Table 4.1.23) and a significant effect was evident for surface finishing 

condition x exposure method (P<0.0001). The Tukey’s post-hoc tests (Table 4.1.24) 

showed that the IL-8 inflammatory cytokine expression was significantly reduced for 

the untreated control group compared with the alumina particle air abraded 

(P<0.0001) and the clinically relevant polished (P<0.0001) groups. Significantly 

reduced expression of the IL-8 inflammatory cytokine was shown for the alumina 

particle air abraded group compared with the clinically relevant polished (?<0.0001) 

group. Table 4,1.25 showed a student’s t-test highlighting a significant increase in IL- 

8 cytokine expression from the TR146 cells following direct exposure to the disc

shaped specimens compared with the TR146 cells following indirect exposure to the 

immersion solutions.

Between-Subjects Factors

Value Laoel ti
Effect 1.00 Con&ol 6

2 00 APAA 6
3 00 Polished 6

Exposure 1 00 Direct 9
2 00 Indirect 9

Tests of B etween-Sub^ts Effects

Dependent Vanaple IL8

Source
T»pe III Sum 
of Squares dt Mean Square F Sig

Corrected Model 1802286 285* 5 360457 257 2584 350 000
Intercept 4699513 723 1 4699513 723 33693 838 000
Effect 1584861681 2 792430 841 5681 447 000
Ei'posure 144075 331 1 144075 331 1032 969 000
Effect • Exposure 73349 273 2 36674637 262944 000
Error 1673 723 12 139477
Total 6503473 732 18
Corrected Total 1803960 008 17

a R Squared = 999 (Adjusted R Squared = 999)

Table 4.1.23 Two-way ANOVA o f the pooled IL-8 inflammatory cytokine 

expression results o f the TR146 cell monolayer structures for the alumina particle air 

abraded and clinically relevant polished surface finishing conditions (Effect) and 

direct and indirect exposure methods (Exposure).
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Multiple Comparisons

Dependent VanaDie IL8 
TuKe? HSD___________

it; Effect fJi Effect

t.tean
Difference

(l-J) Std Error Sig
95% Confidence inten/ai

Lower Bound Upper Bound
Control APAA •5151917' 6 81853 000 -533 3826 -497 0008

Polished -701 6100- 6 81853 000 -719 8009 -683 4191

APAA Control 515,1917' 681853 ,000 4970008 533,3826
Polished -186 4183' 681853 000 -204 6092 -168 2274

Polished Control 701 5100* 6 81853 000 683 4191 719 8009
AP^A 1864183' 681853 000 168 2274 204 6092

Based on o&served means
• The mean difference IS significant at tne 05 level

Table 4.1.24 Tukey’s post-hoc test of the pooled IL-8 results of the TR146 cell 

monolayer structures of the untreated control (Control) and the alumina particle air 

abraded and clinically relevant polished surface finishing conditions (Effect).

OiieS<wii|>l« St.Hlstks

N Mean Std. Deviation
Std Error 

Mean
IL8 18 512 6300 325.89148 76,81336

Test

Testvalue = 0

t df Sig. <2-tailed)
Mean

DifTerence

95% Confidence 
Interval of the 

Difference
Lower Upper

IL8 6,674 17 000 512,63000 350,5680 674,6920

Table 4.1.25 A student’s t-test comparison of direct and indirect exposure methods 

of the pooled IL-8 inflammatory cytokine expression results by TR146 cells treated
<K)with the d.Sign 10 disc-shaped specimens in the alumina particle air abraded and 

clinically relevant polished surface finishing conditions.
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PGE2
The boxplot highlighted low levels o f the PGE2 inflammatory cytokine were 

expressed in pg/mL from the untreated control TR146 cells (Control) and increased 

levels o f the PGE2 inflammatory cytokine were expressed following direct exposure to 

the d.Sign®10 disc-shaped specimens or indirect exposure to the d.Sign®10 immersion 

solutions at 24 h (Figure 4.1.23).
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Figure 4.1.23 Boxplot analysis of PGE2 inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f the d.Sign® 10 disc-shaped specimens in the alumina particle air abraded 

(APAA) and clinically relevant polished (Polished) surface finishing conditions at 24 

h.

88



The two-way ANOVA for expression of the PGE2 inflammatory cytokine (surface 

finishing condition x exposure method) showed a significant effect (P<0.0001) for 

surface finishing condition x exposure method (Table 4.1.26). A significant reduction 

in the expression of the PGE2 inflammatory cytokine for the untreated control TR146 

cell group compared with the alumina particle air abraded (P=0.0030) and the 

clinically relevant polished (P<0.0001) groups when the Tukey’s post-hoc tests (Table 

4.1.27) were examined. However the expression of the PGE2 cytokine was not 

significantly different (P=0.5520) for the alumina particle air abraded group compared 

with the clinically relevant polished group. A student’s t-test comparison of direct and 

indirect exposure methods highlighted that direct exposure of the disc-shaped 

specimens to the TR146 cells to both surface finishing conditions elicited significantly 

increased (P<0.0001) levels of PGE2 cytokine expression compared with indirect 

exposure (Table 4.1.28).

BetweenSubiects Factors

Value Label N
Effect 1 00 Control 5

2 00 APAA 6
3,00 Polished 6

Exposure 1,00 Direct g
2 00 Indirect 9

Tests of Between-Sut^ects Effects

Dependent variable pg

Source
Type III Sum 
of Squares df fvfean Square F Sig,

Correded Model 316433.096* 5 63286.619 17.656 .000
Intercept 524680.607 1 524680.607 146 381 .000
Effect 115463.596 2 57731.798 16.107 .000
Exposure 87304.883 1 87304,883 24.357 .000
Effect • Exposure 113664.618 2 55832.309 15 856 .000
Error 43012.214 12 3584.351
Total 884125.917 18
Corrected Total 359445310 17

a R Squared = .880 {Adjusted R Squared = .830)

Table 4.1.26 Two-way ANOVA of the pooled PGE2 inflammatory cytokine 

expression results by the TR146 cell monolayer structures for alumina particle air 

abraded and clinically relevant polished surface finishing conditions (Effect) and 

direct and indirect exposure methods (Exposure).
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Multiple Comparisons

Dependent Variable; PGE2 
TukeyHSD______________

(DEflect (J) Effect

Mean
Difference

(f'J) Std. Error SiQ-
95% Confidence Interval

Lower Bound Upper Bound
Control APAA -148,4617* 34,56564 .003 -240.6781 -56.2452

Polished -185,2950- 34,56564 ,000 -277,5114 -93 0786
APAA Control 148,4617* 34 56564 003 56 2452 240 6781

Polished -36,8333 34,56564 ,552 -129.0498 55,3831
Polished Confrol 185.2950* 34,56564 .000 93.0786 277,5114

APAA. 36 8333 34 56564 552 -55,3831 129 0498

Based on obsejved nieans.
* The m ean difference Is significant at 05 level.

Table 4.1.27 Tukey’s post-hoc test o f  the pooled PGE2 cytokine expression results 

from the TR146 cells for the untreated control (Control) and the alumina particle air 

abraded and clinically relevant polished surface finishing conditions (Effect).

Oiie-Sdinpie St«iti$tics

N Mean Std Oevtatlon
Std, Error 

Mean
PGE2 18 170.7306 145 40922 34,27328

OneS<iinple Test

Test Value = 0

t df Sig (2-tailed)
Mean

Difference

95% Confidence 
Interval of the 

Difference
Lower Upper

PGE2 4 981 17 ,000 170,73056 98,4203 243,0409

Table 4.1.28 A student’s t-test comparison o f  direct and indirect exposure methods 

o f  the pooled PGE2 inflammatory cytokine expression results by TR146 cells treated 

with the d.Sign® 10 disc-shaped specimens in the alumina particle air abraded and 

clinically relevant polished surface finishing conditions.
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TNF-a

Tbe low level o f the TNF-a inflammatory cytokine (in pg/mL) expressed from the 

untreated control TR146 cells and the higher levels expressed following direct and 

indlirect exposure to the alumina particle air abraded and clinically relevant polished 

surface finishing condition disc-shaped specimens at 24 h are shown in the boxplot 

analysis (Figure 4.1.24).
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Figure 4.1.24 Boxplot analysis o f the TNF-a inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure of the d. Sign® 10 disc-shaped specimens in the alumina particle air abraded 

(APAA) and clinically relevant polished (Polished) surface finishing conditions at 24 

h.
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A significant effect was evident for surface finishing condition x exposure method 

(P<0.0001) in the two-way ANOVA (Table 4.1.29). The Tukey’s post-hoc tests 

(Table 4.1.30) highlighted significant increases in the expression of the inflammatory 

cytokine TNP-a for the TR146 cells following direct and indirect exposure to the 

alumina particle air abraded (P<0.0001) and the clinically relevant polished groups 

(P<0.0001) compared with the untreated control TR146 cell groups. In addition, the 

expression of the TNF-a cytokine was significantly reduced (?<0.0001) for the 

alumina particle air abraded group compared with the clinically relevant polished 

group. Table 4.1.31 highlighted a student’s t-test comparison of direct and indirect 

exposure methods o f the disc-shaped specimens which showed direct exposure 

expressed significantly higher (?<0.0001) levels of the TNF-a inflammatory cytokine 

compared with indirect exposure.

Between Subjects Factors

Value Label U

Effect 1.00 Control 6

2 00 APAA 6
3 00 P o h sh ed 6

Exposure 1 00 Direct 9
2 00 Indirect 9

Tests of Betw een-Sub^ls Effects

D ependef^tV anasie  TNFa

Source
T jpe  III Sum  
of S q u a res Of M ean S quare F Sig

Corrected Model 188391 424» 5 37678 285 1 7 9 0 8 1 4 000
intercept 302419 014 1 302419 014 14373 694 000
Effect 137304 944 2 6 8652  472 3262 988 000
Exposure 36092 680 1 35092 680 1715 451 000
Effect * Exposure 14993 800 2 7496 900 356 321 000
Error 252 477 12 21.040
Total 491062  915 18
C o rred ed T o ta i 188643 901 17

a  R S q u ared  = 999 (Adjusted R S q u ared  = 998)

Table 4.1.29 Two-way ANOVA of the pooled TNF-a inflammatory cytokine 

expression results for the TR146 cell monolayer structures treated with the alumina 

particle air abraded and clinically relevant polished surface finishing conditions 

(Effect) and indirect exposure methods (Exposure).
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MuKip4e Cc^parlsons

D ep en d en t VanaDie: TNFa 
Tukey HSD_______________

(1) Effect (J) Effect

Mean
Difference

0-J) Std. Error Sig.
95%  Confidence Intervat

Lower Bound U pper Bound
Control AP.AA -145.1387* 2.64825 .000 -152.2018 -138.0715

P olished -208 .6850’ 2.64825 ,000 -215.7502 -201,6198
A PM Control 145 1367‘ 2  64825 .000 138 0715 1 5 2 2 0 1 8

P olished -63 .5483’ 2  64825 000 -7 0 6 1 3 5 -56.4832
P o lish ed Control 208.6850* 2,64825 .000 201 6198 215.7502

A PM 63.5483’ 2,64825 ,000 56.4832 70,5135

B a se d  on o b se rv ed  m ean s.

* The m ean  difference is  significant al the ,05 level.

Table 4.1.30 T ukey’s post-hoc test o f  the pooled T N F -a  cytokine expression results 

by the TR 146 cells for the untreated control (C ontrol) and the alum ina particle air 

abraded and clinically relevant polished surface finishing conditions (Effect).

OiieSdinple S t^ is lk s

N Mean Std Deviation
Std Error 

Mean
TNFa 18 129 6189 105,34088 24.82908

One-Sdinpte Test

T est V a lu e s  0

t df Sig (2*tailed)
Mean

Difference

95% Confidence 
Interval of the 

Difference
Lower Upper

TNFa 5 220 i ; ,000 129,61889 77.2341 162,0037

Table 4.1.31 A student’s t-test com parison o f  d irect and indirect exposure m ethods 

o f  the pooled T N F-a inflam m atory cytokine expression results by TR 146 cells treated 

with the d.Sign® 10 disc-shaped specim ens in the alum ina particle air abraded and 

clinically relevant polished surface finishing conditions.

Preliminary Remarks

•  D irect exposure o f  d.Sign® 10 dental casting alloy disc-shaped specim ens or 

indirect exposure o f  the d.Sign® 10 alloy im m ersion solutions to the TR 146 cells 

elicited significant increases (P<0.0001) in cytokine expression com pared w ith the 

untreated TR146 control cells.

• The clinically relevant polished disc-shaped specim ens elicited  significantly 

h ig ie r levels o f  I L - l a  (P<0.0001), IL-8 (P<0.0001) and T N F -a  (?<0.0001)
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inflammatory cytokines compared with the alumina particle air abraded surface 

finishing condition.

• Direct exposure of the disc-shaped specimens were shown to elicit 

significantly higher (IL -la (P<0.0001), IL-8 (P<0.0001), PGE2 (P<0.0001) and TNF- 

a (P<0.0001)) levels of inflammatory cytokines compared with indirect exposure.

Cellular Metabolic Activity

The XTT reduction assay was performed on the TR146 cell monolayer structures 

following indirect exposure to 100 |jL of the 1, 5, 9 or 14 day alloy immersion 

solufions generated for each surface finishing condition (alumina particle air abraded 

and clinically relevant polished) using the procedure outlined in Section 3.9. A linear 

regression analysis was conducted for cellular metabolic activity (XTT reduction) for 

the untreated control TR146 cells (Figure 4.1.25) which showed a significant decrease 

(P<0.0001) with increasing time up to 72 h.
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Figure 4.1.25 Linear regression analysis: The TR146 cellular metabolic activity 

results determined for the untreated control as incubation time increased from 2-72 h.

Fitted line;

Linear: y=-5.1x + 104.7 r^=0.8611 P<0.0001 df=10
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The linear regression analyses conducted for cellular metabolic activity o f the TR146 

cells following indirect exposure to the alumina particle air abraded immersion 

solutions at 1, 5 and 14 day (Table 4.1.32) were significantly decreased (P<0.0470) 

with increasing exposure time from 2 to 72 h, however, no significant decrease 

(P=0.2470) was evident at 9 day. Individual plots of the linear regression analyses for 

exposure time are not shown, although the figures and analyses are available in the 

Appendices.

Equation of the Line P value df

Control y=-5.1x+ 104.7 0.8611 <0.0001 10

1 day y=-8.6x + 37.1 0.3390 0.0470 10

5 day y=-8.1x + 34.7 0.3810 0.0320 10

9 day y=-4.8x + 28.2 0.1310 0.2470 10

14 day y=-11.4x + 25.1 0.8060 <0.0001 10

Table 4.1.32 Comparison of linear regression analysis data (equation o f the line, r ,̂ 

P values and df) for the total cellular metabolic activity results for the untreated 

control TR146 cells and following indirect exposure of the TR146 cells to the 1, 5, 9 

and 14 day alumina particle air abraded d.Sign®10 immersion solutions at 2, 24, 48 

and 72 h exposure times.

95



A linear regression analysis on the pooled TR146 cellular metabolic activity results 

following indirect exposure to the alumina particle air abraded d.Sign® 10 immersion 

solutions for increasing exposure time (from 1 day to 14 day) were performed (Figure 

4.1.26). The increasing immersion duration of the alumina particle air abraded disc

shaped specimens to the TR146 cells showed a significant linear increase (P<0.0001) 

in TR146 cellular metabolic activity.
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Figure 4.1.26 Linear regression analyses: The cellular metabolic activity results for 

the TR146 cells following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions of the alumina particle air abraded d.Sign® 10 disc-shaped specimens.

Fitted lines:

Linear: y=11.5x + 3.9 r^=0.3321 P<0.0001 df=46
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The hnear regression analyses o f the TR146 cells following indirect exposure to 

clinically relevant polished immersion solutions at 1, 5, 9 and 14 day showed 

significant decreases (P<0.0250) in cellular metabolic activity when exposure time 

was increased from 2 to 72 h (Table 4.1.33).

Equation of the Line P value df

Control y=-5.1x+  104.7 0.8611 <0.0001 10

1 day y=-10.2x + 39.5 0.4080 0.0250 10

5 day y=-7.1x + 40.1 0.5760 0.0040 10

9 day y=-4.7x + 40.2 0.9070 <0.0001 10

14 day y=4.7x + 23.3 0.6150 0.0030 10

2Table 4.1.33 Comparison o f  linear regression analysis data (equation o f the line, r , 

P values and df) for the total cellular metabolic activity results for the untreated 

control TR146 cells and following indirect exposure o f the TR146 cells to the 1, 5, 9 

and 14 day clinically relevant polished d.Sign® 10 immersion solutions at 2, 24, 48 and 

72 h exposure times.
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The cellular metabolic activity results were pooled and a linear regression analysis 

was performed for the TR146 cells following indirect exposure to the clinically 

relevant polished d.Sign® 10 immersion solutions with increasing immersion duration 

(1-14 day) (Figure 4.1.27). The increasing immersion duration o f the clinically 

relevant polished disc-shaped specimens showed a significant linear increase 

(P<0.0001) in TR146 cellular metabolic activity.
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Figure 4.1.27 Linear regression analyses: The cellular metabolic activity results for 

the TR146 cells following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f the clinically relevant polished d.Sign®10 disc-shaped specimens.

Fitted lines:

Linear: y=6.95x + 7.5 r^=0.3237 P<0.0001 df=46
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Statistical Analyses

A significant decrease in TR146 cellular metabolic activity was evident for the 

alum ina particle air abraded and clinically relevant polished surface finishing 

condition (P<0.0001) using a one-way ANOVA (Table 4.1.34). The Tukey’s post-hoc 

tests showed significant decreases in cellular metabolic activity for each o f the surface 

finishing conditions (alumina particle air abraded (P<0.0001) and clinically relevant 

polished (P<0.0001)) compared with the untreated control TR146 cells (Table 4.1.35). 

N o significant decrease (P=1.0000) in the cellular metabolic activity o f the TR146 

cells was observed between the effects o f the alumina particle air abraded and 

clinically relevant polished surface finishing condition compared with the untreated 

control TR146 cells.

Between-Subjects Factors

Value Label N
Ef fea  1 0 0 Control 12

2 00 APM 48
3.00 Polished 48

Tests of Between-Subjects Effects

D ependent variable CeiiPensity

Source
Type HI Sum 
of Squares df Mean Square F Sig.

Corrected Model 48253.715* 2 24126857 75.491 000
intercept 161290 038 1 161290.038 504 666 000
Ened 48253 715 2 24126 857 76 491 000
Error 33567.718 105 319597
Total 195071 104 108
Corrected Total 81811 432 107

a. R Squared = .590 (Adjusted R Squared = .582)

Table 4.1.34 One-way ANOVA o f the pooled TR146 cellular metabolic activity 

results determined following indirect exposure for alumina particle air abraded and 

clinically relevant polished surface finishing conditions (Effect).
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Muftipie CoinpiV isoiis

D ependentV ariab le: >CTT
Tukey HSD

(I) Effect (J) Effect

Mean
Difference

(1-J) Std En'or Sig.
95%  C onfidence Interval

Lower Bound U pper Bound
Control APAA 67 2718* 5.76987 .000 53.5545 80 9891

Polished 67.2464* 5.76987 ,000 53.5291 80 9637
APAA Confrol -67.2718* 5.76387 .000 -80.9891 ■53.5545

Polished -.0254 3,64919 1.000 -8.7010 8,6502
Polished Control -67.2464* 5 7 6 9 8 7 .000 -80.9637 -53,5291

APAA 0254 3 64919 1 000 -8.6502 8,7010

B ased  on observ ed  m ea n s

'  The m ean  difference is  significant at the ,05 level.

Table 4.1.35 Tukey’s post-hoc test o f the pooled cellular metabolic activity results 

by the TR146 cells for the untreated control TR146 cells (Control) and the alumina 

particle air abraded (APAA) and clinically relevant polished (Polished) surface 

finishing conditions (Effect).

Preliminary Remarks

• For each surface finishing condition investigated a significant decrease

(P<0.0001) in cellular metabolic activity was sho\vn compared with the untreated 

TR146 control cells.

• As the alloy immersion duration increased (1, 5, 9 and 14 day) a significant

increase (P<0.0001) in the loss o f cellular metabolic activity for each surface finishing 

condition was shown.

• The clinically relevant polished surface finishing condition did not elicit a

significantly higher (P= 1.000) reduction o f cellular metabolic activity compared with 

the alumina particle air abraded surface finishing condition.
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Cellular Toxicity

Cellular toxicity was determined by measuring LDH release from the TR146 cell 

monolayer structures in response to indirect exposure to the alloy immersion solutions 

generated for each surface finishing condition (alumina particle air abraded and 

clinically relevant polished). The linear regression analysis for the Triton-X treated 

TR146 cell monolayer structure did not show a significant linear (P=0.2000) effect on 

cellular toxicity with increasing exposure time (Figure 4.1.28).
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Figure 4.1.28 Linear regression analysis: The TR146 cellular toxicity results 

determined for the Triton-X treated control as incubation duration increased from 2- 

72 h.

F ited  line:

Lirear: y=-0.452x + 99.31 r^=0.1591 P=0.2000 df=10
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The Hnear regression analyses o f the TR146 cells following indirect exposure to the 

alumina particle air abraded immersion solutions at 1, 5, 9 and 14 day (Table 4.1.36) 

showed a significant increase (P<0.0001) in cellular toxicity on increasing exposure 

time from 2 to 72 h.

Equation of the Line P value df

Control y=-0.4x + 99.3 0.1591 0.2000 10

1 day y=6.5x -  6.5 0.9440 <0.0001 10

5 day y=55.5x -  2.5 0.9650 <0.0001 10

9 day y=3.7x+  1.3 0.6860 0.0010 10

14 day y=3.9x + 4.7 0.7630 <0.0001 10

2
Table 4.1.36 Comparison o f linear regression analysis data (equation o f the line, r , 

P values and df) for the total cellular toxicity results for the Triton-X treated control 

TR146 cells and following indirect exposure o f the TR146 cells to the 1, 5, 9 and 14 

day alumina particle air abraded d.Sign® 10 immersion solutions at 2, 24, 48 and 72 h 

exposure times.
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A linear regression analysis was performed on the pooled TR146 cellular toxicity 

resuhs following indirect exposure to the alumina particle air abraded d.Sign® 10 

im m ersion solutions for increasing exposure time (from 1-14 day) as shown in Figure 

4.1.29. No significant increase (P=0.6894) in TR146 cellular toxicity as the 

immersion duration o f the alumina particle air abraded disc-shaped specimens 

increased from 1 to 14 days was not observed (Figure 4.1.29).
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Figure 4.1.29 Linear regression analyses: The cellular toxicity results for the TR146 

cells following indirect exposure to the 1, 5, 9 and 14 day immersion solutions o f the 

alumina particle air abraded d.Sign® 10 disc-shaped specimens.

Fitted line:

Linear: y=0.3x + 9.4 r^=0.0035 P=0.6894 df=46
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The results o f the linear regression analyses o f the TR146 cells following indirect 

exposure to the clinically relevant polished immersion solutions at 1, 5, 9 and 14 day 

highlighted a significant increase (P<0.0001) in cellular toxicity on increasing 

exposure time from 2 to 72 h (Table 4.1.37).

Linear Slope of Line P value df

Control y=-0.4x + 99.3 0.1591 0.2000 10

1 day y = 2 8 .8 x -3 6 .5 0.9340 <0.0001 10

5 day y = 1 8 .1 x - 19.9 0.8940 <0.0001 10

9 day y = 2 4 .1x -29 .1 0.9210 <0.0001 10

14 day y = 2 6 .3 x -2 1 .7 0.9090 <0.0001 10

Table 4.1.37 Comparison o f linear regression analysis data (equation o f  the line, r ,̂ 

P values and df) for the total cellular toxicity results for the Triton-X treated control 

TR146 cells and following indirect exposure o f the TR146 cells to the 1, 5, 9 and 14 

day clinically relevant polished d.Sign®10 immersion solutions at 2, 24, 48 and 72 h 

exposure times.
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The pooled TR146 cellular toxicity results following indirect exposure to the 

clinically relevant polished d.Sign®10 immersion solutions on increasing exposure 

time was investigated using a linear regression analysis. A significant linear decrease 

(P=0.0020) in TR146 cellular toxicity was observed as the immersion duration o f the 

clinically relevant polished disc-shaped specimens increased over time (Figure 

4.1.30).
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Figure 4.1.30 Linear regression analyses: The cellular toxicity results for the TR146 

cells following indirect exposure to the 1, 5, 9 and 14 day immersion solutions o f the 

clinically relevant polished d.Sign® 10 disc-shaped specimens.

Fitted line:

Linear: y=-14.8x + 81.8 r^=0.1898 P=0.0020 df=46
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Statistical Analyses

A one-way ANOVA (surface finishing condition) highhghted a significant increase 

(P<0.0001) in cellular toxicity for the surface finishing condition of the d.Sign®10 

disc-shaped specimens (Table 4.1.38). The Tukey’s post-hoc tests (Table 4.1.39) of 

the surface finishing conditions (alumina particle air abraded and clinically relevant 

polished) showed a significant increase (P<0.0001 and P<0.0001, respectively) in 

cellular toxicity was evident compared with the treated control TR146 cells. The 

clinically relevant polished immersion solutions elicited significantly higher 

(?<0.0001) levels of cellular toxicity from the TR146 cells compared with the 

alumina particle air abraded immersion solutions.

Between-Subjects Factors

Value La&el N
Effect 100 Control 12

2 0 0 APM 48
3.00 Polished 48

Tests of Between-Subiects Effects

D ependent Variable CellDensity

Source
l!^pe III Sum 
of Squares df Mean Square F Sig.

Corrected Model 72534719* 2 36267,360 86 702 000
Intercept 165489,360 1 165489,360 395 622 .000
Effect 72534,719 2 36267,360 86 702 ,000
Error 43921,639 105 418,301
Total 221544.826 108
Corrected Total 116456.358 107

a R Squared = .623 (Adjusted R Squared = .616)

Table 4.1.38 One-way ANOVA of the pooled TR146 cellular toxicity results for the 

Triton-X treated control TR146 cells (Control) and following indirect exposure of the 

alumina particle air abraded and clinically relevant polished surface finishing 

conditions (Effect).
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Mdhiple Coiiip<Hisons

D ep en d en t Variable; LDH
TukeyH SD _______________________________________________

(1) Effect (J) Effect

Mean
Difference

(l-J) Std Error Sig
95%  Confidence interval

Lower Bound Upper Bound
Control APAA 86.5227^ 6 6 0 0 9 9 .000 70.8295 102.2169

P olished 64.2154* 6,60099 ,000 48.5222 79,9086
APAA Control -86 5227* 6.60099 .000 ■102,2159 -70,8295

P olished -22.3073* 4 1 7 4 8 3 ,000 -32.2326 -12,3820
P olished Control -64,2154* 6.600S9 .000 -79.9086 -48.5222

APAA 22.3073* 4 17483 ,000 12.3820 32,2326

B a se d  on o b s e n ^ d  m e a n s

* The m ean  difference is  significant at the .05 level.

Table 4.1.39 T ukey’s post-hoc test o f  the pooled cellular toxicity data for the TR146 

cells o f  the Triton-X  treated control TR 146 cells (Control) and the alum ina particle air 

abraded (A PA A ) and clinically relevant polished (Polished) surface finishing 

conditions (Effect).

Preliminary Remarks

• S ignificant increases (P<0.0001) in cellular toxicity were show n for the 

surface finishing conditions investigated (alum ina particle air abraded and clinically 

relevant polished) com pared with the Triton-X  treated control TR146 cells.

• A n increase in alloy im m ersion duration highlighted a significant increase 

(P=0.0020) in cellular toxicity for the clinically relevant polished surface finishing 

condition but not (P=0.6894) for the alum ina particle air abraded surface finishing 

condition.

• A significant increase (P<0.0001) in the levels o f  cellu lar toxicity was shown 

for the clin ically  relevant polished surface finishing condition com pared w ith the 

alum ina particle air abraded surface finishing condition.
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ICP-M S

ICP-M S was perform ed on the d.Sign®iO alloy disc im m ersion solutions to determ ine 

both the profile and quantities o f  m etallic ions released from  the alum ina particle air 

abraded and clinically relevant polished surface finishing condition (Table 4.1.40). 

N ickel w as detected in high levels for both finishing conditions (>35 |ig /L ), how ever, 

the 14 day im m ersion solutions from  the clinically relevant polished discs contained 

361.8 |ig /L  o f  nickel com pared w ith 105.2 |ig /L  for the alum ina particle air abraded 

discs.

Preliminary Remarks

•  The clinically relevant polished im m ersion solutions contained increased 

levels o f  m etal ions com pared with the alum ina particle air abraded im m ersion 

solutions.

• Leaching o f  m etal ions from  the disc-shaped specim ens was increased as the 

im m ersion duration increased from  1 to 7 and 14 days for each surface finishing 

condition investigated.
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Surface

condition

Day Ni Cr Mo Fe Cu

Alumina 

particle air 

abraded

1 35.1 23.6 17 33.1 144.5

7 49.6 21.8 22.9 42.5 124.7

14 105.2 36.5 18.4 49.6 135

Clinically

relevant

polished

1 68.4 11.5 17.4 52.4 240.7

7 204.5 13.7 27.6 87.5 245.1

14 361.8 13.4 86.7 106.5 240.4

Table 4.1.40 ICP-MS analysis o f the 1, 7 and 14 day immersion solutions for the alumina particle air abraded and clinically relevant polished 

Ni-based d.Sign® 10 disc-shaped specimen surface finishing conditions. (Values are given in ng/L, Ni=nickel, Cr=chromium, Mo=molybdenum, 

Fe=iron and Cu=copper).



4.1.6 Summary

The findings o f the current section o f the study demonstrated that the cUnically 

relevant polished d.Sign® 10 disc-shaped specimens following direct or indirect 

exposure to 2D TR146 cell monolayer structures altered cell morphology, reduced 

cell density (using the novel trypsin-free method), increased expression of 

inflammatory cytokines, reduced cellular metabolic activity and increased cellular 

toxicity compared with the alumina particle air abraded disc-shaped specimens.

• It was shown using the analyses employed in the current section of the study 

that direct and indirect exposure o f the disc-shaped specimens to the TR146 cell 

monolayer structures caused cellular distress, however, direct exposure induced a 

greater increase in TR146 cellular cytotoxic responses compared with indirect 

exposure.

• The use of trypsinised TR146 cells for the determination of the effect of 

surface finishing condition on cell density was shown to be unsuitable due to the 

artificially high level of TR146 cell death observed. A novel trypsin-free method was 

consequently used for the remainder of the study to determine TR146 cell density.

• The clinically relevant polished surface finishing condition was selected for 

further analyses due to the significant increase of TR146 cellular cytotoxic responses 

shown in the current section o f the study compared with the alumina particle air 

abraded surface finishing condition and because of its relevance to clinical dentistry.

• Two additional dental casting alloys, one Ni-based (d.Sign® 15) and one 

cobalt-chromium (Co-Cr) (d.Sign®30), were included for further biocompatibility 

invesfigations of their clinically relevant polished surface finishing condition for the 

remainder o f the study.
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4.2 Influence of Alloy Composition on Biocompatibility

Study Rationale

The aim o f this section o f the current study was to develop a sensitive and 

reproducible model for the biocompatibility testing o f two commercially available Ni- 

based (d.Sign®10 and d.Sign®15) and one Co-Cr (d.Sign®30) dental casting alloy 

following direct and indirect alloy exposure to the 2D TR146 cell monolayer 

structure. Biocompatibility was determined by employing a combination o f 

experimentation analyses including cell morphology, cell density (without 

trypsinisation), the expression o f inflammatory cytokines, cellular metabolic activity 

and cellular toxicity analysis. Elemental ions leached into the immersion solutions 

were detected and quantified using ICP-MS analysis. The objective o f this section o f 

the study was to develop a highly discriminatory biocompatibility model capable o f 

discerning differences in the biocompatibility responses o f commercially available 

dental casting alloys in a clinically relevant polished surface finishing condition 

(termed polished for the remainder o f the study).

4.2.1 Materials and Methods

Disc-shaped specimens (n=30) o f each Ni-based dental casting alloy (d.Sign® 10 and 

d.Sign® 15) and the Co-Cr dental casting alloy (d.Sign®30) investigated were cast in 

accordance with the specimen manufacture procedure (Section 3.2). The residual 

investment material was subsequently removed by alumina particle air abrasion 

(Section 3.2). The alumina abraded disc-shaped specimens underwent three separate 

polishing stages, as recommended for the clinical usage o f non-precious dental casting 

alloys, using rubber dental polishing wheels (Section 3.3).

Profilometry

Disc-shaped specimens (n=3) specific for each dental casting alloy (d.Sign® 10, 

d.Sign® 15 and d.Sign®30) in the polished surface finishing condition were selected at 

random in order to assess the surface texture using profilometry in accordance with 

procedure outlined in Section 3.4.
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Statistical Analysis

A one-way ANOVA at a critical statistical significance level of P=0.0500 was 

performed on the mean Ra values for each of the dental casting alloys investigated 

(d.Sign®10, d.Sign® 15 and d.Sign®30) in the polished surface finishing condition.

4.2.2 Cell Culture

The polished disc-shaped specimens (n=30) for each dental casting alloy (d.Sign® 10, 

d.Sign®15 and d.Sign®30) investigated were sterilised (Section 3.5) and the 2D 

TR146 cell monolayer structures were maintained (Section 3.7) and trypsinised 

(Section 3.7) and a known cell density was seeded into fresh cell culture plates prior 

to incubation under normal incubation conditions for specific aspects of the 

experimentation (Section 3.7).

4.2.3 Alloy Exposure Methods

Direct Exposure

The sterilised disc-shaped specimens prepared to the polished surface finishing 

condition for each o f the dental casting alloys were placed directly onto the surface of 

the 2D TR146 cell monolayer structures which were seeded into fresh cell culture 

plates at 2x10^ cells in 2 mL of CM (Section 3.8). A visual assessment of cell 

morphology, cell density alterations and inflammatory cytokine expression were 

determined for direct alloy exposure times of 2, 24, 48 and 72 h in accordance with 

Section 4.1.3.

Indirect Exposure

Indirect exposure of the 2D TR146 cell monolayer structures involved the placement 

of the sterilised disc-shaped specimens prepared to the polished surface finishing 

condition into 50 mL of SFM (Section 3.8). The disc-shaped specimens were 

immersed in the SFM for 1, 5, 9 and 14 days before the discs were aseptically 

removed from the SFM. The resultant alloy immersion solutions were added onto the 

TR146 cell monolayer structures seeded into fresh cell culture plates at 2x10 cells in 

2 mL of CM to provide a visual assessment of cell morphology, an indication of cell 

density variations, the expression of inflammatory cytokine release, cellular metabolic

112



activity and cellular toxicity in accordance with the indirect exposure protocol in 

Section 4.1.3.

Statistical Analyses

Regression analyses (linear and logarithmic) o f  the cell density results determined 

without trypsin using the trypan blue dye assay were performed for the untreated 

control. Linear and logarithmic regression analyses following direct exposure o f  the 

TR146 cells (for 2, 24, 48 and 72 h) to each dental casting alloy prepared using the 

polished surface finishing condition were performed. Linear and logarithmic 

regression analyses were performed following indirect exposure for the cell density 

results without trypsin for all immersion durations (1, 5, 9 and 14 days) and exposure 

times and were subsequently pooled for each o f  the dental casting alloys investigated. 

Linear and logarithmic regression analyses were additionally shown for the effect o f  

increasing immersion duration on the cell density results. A one-way A N O V A s was 

performed (with Tukey’s post-hoc tests) o f  the pooled cell density results to compare 

the dental casting alloys. A student’s t-test comparison was performed on the pooled 

cell density results to highlight significant differences between direct and indirect 

exposure methods. Four two-way ANO VAs (dental casting alloys x exposure 

method) were used to determine the expression o f  the inflammatory cytokines (IL -la , 

IL-8, PGE2 and TNF-a) for the untreated controls or following the direct and indirect 

placement o f  sterilised disc-shaped specimens onto the 2D TR146 cell monolayer 

structures at 24 h (exposure time). Student’s t-tests were performed to compare direct 

and indirect exposure methods.

Regression analyses o f  the cellular metabolic activity (XTT) data following indirect 

exposure o f  the TR146 oral keratinocytes to the alloy immersion solutions at 2, 24, 48 

and 72 h and with increasing immersion duration o f  1, 5, 9 and 14 day were 

performed. A  one way AN O V A  (dental casting alloy) was conducted for the pooled 

XTT results for the untreated control and the alloy immersion solution treated TR146 

cells. Regression analyses o f  the cellular toxicity (LDH) at 2, 24, 48 and 72 h, from 

the TR146 oral keratinocytes treated with Triton-X and the alloy immersion solution- 

treated TR146 oral keratinocytes (for each dental casting alloy) were conducted in 

addition to regression analyses for the effect o f  increasing immersion duration on 

cellular toxicity. A  one-way ANOVA (dental casting alloy) was performed with the
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associated Tukey’s post-hoc tests for the pooled LDH results for the Triton-X treated 

control and the alloy immersion solution treated TR146 cells.

4.2.4 ICP-MS

The metal ion leachate composition for each polished disc-shaped specimen 

(d.Sign®10, d.Sign®15 and d.Sign®30) immersion solutions was determined using 

ICP-MS analysis. Aseptic disc-shaped specimens, for each dental casting alloy 

investigated, were placed into 50 mL of SFM for immersion durations o f 1, 7 and 14 

days before the discs were aseptically removed. The ICP-MS analysis was performed 

in accordance with Section 3.10.
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4.2.5 Results

Profilometrv

The polished d.Sign®10 specimens resulted in a mean Ra value of 0.053 |im with an 

associated standard deviation o f 0.023 ^m (Figure 4.1.2 and Table 4.2.1, 

respectively). The d.Sign®15 disc-shaped specimens prepared to the polished surface 

finishing condition (Figure 4.2.1) resulted in a mean Ra value of 0.089±0.023 ^m 

with minimum and maximum Ra values of 0.053 and 0.203 ^m, respectively (Table 

4.2.1).

(

A X = 10 mm 
Y = 10 mm 

132Mm

8

12

18

20

24

02

90

100

10d

108

112

11«
.120

124

128

132

Figure 4.2.1 Profilometic representation o f the 2001 traces across the 100 mm area 

coincident with the centre of the specimen of a d. Sign® 15 disc-shaped specimen in a 

polished surface finishing condition.
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The polished d.Sign®30 disc-shaped specimens (Figure 4.2.2) resulted in a mean Ra 

value of 0.152±0.037 îm with minimum and maximum Ra values of 0.0908 and 

0.350 |im, respectively (Table 4.2.1).
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Figure 4.2.2 Profilometic representation of the 2001 traces across the 100 mm^ area 

coincident with the centre o f the specimen o f a d.Sign®30 disc-shaped specimen in a 

polished surface finishing condition.
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Mean

Ra

Standard

deviation

Minimum

Ra

Maximum

Ra

d.Sign®10 0.053 0.023 0.026 0.170

d.Sign®15 0.089 0.023 0.053 0.203

d.Sign®30 0.152 0.037 0.091 0.350

Table 4.2.1 Mean Ra values (fim) with associated standard deviation and the 

minimum and maximum Ra values as determined for (a) d.Sign® 10, (b) d.Sign® 15 

and (c) d.Sign®30 in the polished surface finishing condition.

Statistical Analyses

The one-way ANOVA performed on the mean Ra values for each of the dental 

casting alloys (d.Sign® 10, d.Sign® 15 and d.Sign®30) showed significant differences 

between the three alloys (P=0.0080). The Tukey’s post-hoc tests showed significantly 

higher Ra values for d.Sign®30 compared with d.Sign® 15 (P=0.0020) and d.Sign® 10 

(P=0.0004). The Ra value for d.Sign®15 was significantly increased (P=0.0010) 

compared with d.Sign® 10.

Preliminary Remarks

• The surface roughness of the Co-Cr (d.Sign®30) dental casting alloy in the 

polished surface finishing condition was significantly increased compared with the 

surface roughness of the Ni-based d.Sign®10 and d.Sign® 15 dental casting alloys in 

the polished surface finishing condition.

117



4.2.6 Alloy Exposure Methods

Cell Morphology 

Direct Exposure

The untreated control TR146 cell monolayer structures incubated in 10 mL CM 

(under normal incubation conditions) for 48 h displayed cell growth and cell 

attachment under light microscopy. Cell division actively occurred and the phenol red 

indicator present in the CM changed colour (Figure 4.2.3a). Direct exposure o f the 

confluent TR146 cell monolayer structures to sterilised polished d.Sign®10 disc

shaped specimens for 48 h (under normal incubation conditions) induced a loss o f cell 

membrane integrity and cell shrinkage which resulted in cell rounding. Cell 

detachment was evident as was the expulsion o f intracellular components (Figure 

4.2.3b). The sterilised d.Sign® 15 disc-shaped specimens in the polished surface 

finishing condition which were exposed for 48 h (under normal incubation conditions) 

to the TR146 cell monolayer structures displayed a loss o f  membrane integrity, cell 

blebbing and loss o f attachment to the cell culture plate (Figure 4.2.3c). The TR146 

cells underwent cell death by the expulsion o f intracellular components. The TR146 

cell monolayer structures following direct exposure for 48 h (under normal incubation 

conditions) to the d.Sign®30 polished surface finishing condition disc-shaped 

specimens did not exhibit any visual alterations in morphology (Figure 4.2.3d).
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Figure 4,2.3 Visual assessment o f (a) >70% confluent TR146 cell monolayer 

structure incubated for 48 h and viewed under light microscopy, and following direct 

exposure to the (b) d.Sign® 10, (c) d.Sign® 15 and (d) d.Sign®30 dental casting alloys 

in the polished surface finish condition.

Indirect Exposure

The TR146 cell monolayer structures exposed to the 1, 5, 9 and 14 day immersion 

solutions o f the d. Sign® 10 disc-shaped specimens in the polished surface finishing 

condition (Figure 4.2.4a) for 48 h (under normal incubation conditions) experienced a 

loss o f  cell membrane symmetry with associated cell shrinkage. Cell rounding was 

also evident compared with the untreated control TR146 cell monolayer structures 

(Figure 4.2.3a). The polished d.Sign®15 immersion solutions induced increased levels 

o f  cell membrane symmetry loss in conjunction with enhanced levels o f cell shrinkage 

compared with the immersion solutions o f  the d.Sign®10 dental casting alloys. Cell 

rounding leading to cell detachment and cell death was also evident throughout the 

TR146 cell monolayer structures (Figure 4.2.4b). The TR146 cell monolayer
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structures indirectly exposed to the 1, 5, 9 and 14 day immersion solutions of the 

d.Sign®30 disc-shaped specimens in the polished surface finishing condition 

displayed cell growth and cell attachment. Cell division actively occurred and the 

phenol red indicator present in the CM changed colour (Figure 4.2.4c).

(a) (b)

‘S ' -  ■' ' '
. ^

■ » V  ■■ '

Figure 4.2.4 Visual assessment by light microscopy of >70% confluent TR146 cell 

monolayer structures incubated for 48 h following indirect exposure to the 14 day 

immersion solutions o f the (a) d.Sign®10, (b) d.Sign®15 and (c) d.Sign®30 dental 

casting alloys.

Preliminary Remarks

• Direct exposure of the polished Ni-based (d.Sign®10 and d.Sign®15) disc

shaped specimens to the TR146 cells induced a loss o f cell symmetry and cell 

shrinkage with associated cell rounding compared with the untreated TR146 control 

cells.
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• No morphological alterations were observed following direct exposure of the 

polished Co-Cr (d.Sign®30) disc-shaped specimens to the TR146 cells.

• Cell blebbing was only observed in the TR146 cell monolayer structures 

following direct exposure to the d.Sign® 15 dental casting alloy in the polished surface 

finishing condition.

• Indirect exposure of the TR146 cells to the immersion solutions (1, 5, 9 and 14 

day) generated for the polished Ni-based dental casting alloys elicited morphological 

alterations compared with the untreated control TR146 cells manifest as a loss of 

TR146 cell symmetry, cell shrinkage and associated cell rounding.

• The polished d.Sign®30 immersion solutions did not induce morphological 

alterations in the TR146 cell morphology following indirect exposure to the TR146 

cell monolayer structures.
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Cell Density (without trvpsinisation)

Direct Exposure

Cell density measurements were determined for the untreated control TR146 cells or 

following direct exposure to the polished Ni-based (d.Sign®10 and d.Sign®15) and 

Co-Cr (d.Sign®30) disc-shaped specimens for increasing exposure times of 2, 24, 48 

and 72 h (Figure 4.2.5).
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Figure 4.2.5 The TR146 cell density results determined without trypsin using the 

trypan blue dye assay for the untreated control TR146 cells (Control) and TR146 cells 

following exposure to the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped 

specimens for 2, 24, 48 and 72 h.
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The cell density plot of the untreated control TR146 cells determined without trypsin 

as time increased from 2-72 h shown in Figure 4.2.6 illustrates the linear and 

logarithmic analyses. No significant linear reduction (P=0.0571) in cell density with 

increasing exposure time from 2-72 h was observed, however, a significant 

logarithmic increase (P=0.0078) in cell density as exposure time was increased was 

highlighted (Figure 4.2.6).
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Figure 4.2.6 Linear and logarithmic regression analysis: The TR146 cell density 

results determined without trypsin using the trypan blue dye assay for the untreated 

control TR146 control as time increased (2, 24, 48 and 72 h).

Fitted lines:

Linear: y=62452.6x + 310422.0 r^=0.3278 P=0.0571 df=10

Logarithmic: y=169467.3In(x) + 331909.5 r^=0.5234 P=0.0078 df=10
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The linear (Table 4.2.2) and logarithmic (Table 4.2.3) regression analyses following 

direct exposure of the TR146 cells to the polished d.Sign® 10 disc-shaped specimens 

(determined without trypsin) showed a significant linear (P=0.0010) and logarithmic 

(P<0.0001) decrease in cell density with increasing exposure time. Following direct 

exposure of the TR146 cells to the polished d.Sign®15 disc-shaped specimens, the cell 

density results (without trypsin) were subjected to linear and logarithmic (Table 4.2.2 

and Table 4.2.3, respectively) regression analyses which showed a significant linear 

(P=0.0030) and logarithmic (?<0.0001) reduction in cell density with increasing 

exposure time (2-72 h). The regression analyses performed following the direct 

exposure of the TR146 cells to the polished d.Sign®30 disc-shaped specimens without 

trypsin highlighted no significant linear effect (P=0.0950) (Table 4.2.2) but a 

significant logarithmic decrease (P=0.0200) (Table 4.2.3) with increasing exposure 

time. Significance values for the linear and logarithmic regression analyses are quoted 

rather than providing the individual regression analyses, however, all statistical 

analyses are available in Appendices.

Equation of the Line P value df

Control y=62452.6x + 310422.0 0.3278 0.0571 10

d.Sign®10 y=-22126.7x + 75300.5 0.6731 0.0010 10

d.Sign®15 y=-15995.1x + 53674.2 0.6120 0.0030 10

d.Sign®30 y=54757.4x + 280406.9 0.2540 0.0950 10

Table 4.2.2 Comparison of the linear regression analysis data (equation o f the line, 

r ,̂ P values and df) for the total cell density data obtained using the trypan blue dye 

assay without trypsin for the untreated control TR146 cells and following direct 

exposure of the TR146 cells to the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc

shaped specimens at 2, 24, 48 and 72 h exposure times.
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Equation of the Line P value df

Control y=169467.3In(x) + 331909.5 0.5234 0.0078 10

d.Sign®10 y=-53002.9In(x) + 62095.2 0.8371 0.0001 10

d.Sign®15 y=-38824.8In(x) + 44533.1 0.7820 <0.0001 10

d.Sign®30 y=153740.6In(x) + 295150.6 0.4340 0.0200 10

Table 4.2.3 Comparison of the logarithmic regression analysis data (equation of the 

line, r^, P values and df) for the total cell density data obtained using the trypan blue 

dye assay without trypsin for the untreated control TR146 cells and following direct 

exposure of the TR146 cells to the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc

shaped specimens at 2, 24, 48 and 72 h exposure times.

Statistical Analyses

The one-way ANOVA of the pooled TR146 cell density results following the direct 

exposure to the polished Ni-based and Co-Cr disc-shaped specimens showed a 

significant reduction (?<0.0001) in cell density between the untreated control TR146 

cells and the dental casting alloys (Table 4.2.4). The Tukey’s post-hoc tests (Table 

4.2.5) highlighted a significant increase in TR146 cell density for the untreated 

control TR146 cells compared with direct exposure to the d.Sign®10 (P<0.0001) and 

d.Sign®15 (?<0.0001) but not the d.Sign®30 (P=0.5610) dental casting alloys. No 

significant difference (P=0.9980) in the reduction of cell density was observed 

between TR146 cell density following direct exposure to the d.Sign®10 and d.Sign®15 

dental casting alloys.
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Betweeii-Subiects Fdctws

Value Label N
Effect 100 Control 12

2,00 dSigmO 12
3.00 dSign15 12
4,00 dSigr^30 12

Tests of Between-S(tf>|«cls Effects

Dependent Variable: CellDens{ty

Source
Type Hi Sum 
of Squares df Mean Square F Sig.

Corrected Model 2.183E+12- 3 7.277E+11 85.918 .000
Intercept 2.526E+12 1 2526E+12 298.169 ,000
Effect 2,183E*12 3 7 277E+11 85.918 ,000
Error 3,727E+11 44 8470182414
Total 5.081E+12 48
Corrected Total 2,556E*12 47

a. R Squared = ,854 (Adjusted R Squared = .844)

Table 4.2.4 One-way A N O V A  o f the pooled TR146 cell density results determined 

without trypsin using the trypan blue dye assay for the untreated control TR146 cell 

monolayer structures fo llow ing direct exposure to the polished d.Sign® 10, d.Sign® 15 

and d.Sign®30 dental casting alloys (A lloy).

MtittifMe Coinpmisoiis

DependentVariable: CellDensity'
TukeyHSD

(I) Effect (J) Effect

Mean
Difference

0-J) Std EfTor Sig,
95% Confidence Interval

Lower Sound Upper Sound
Control dSignlO 446570 00* 37572.56 000 346251.0591 546888 9409

dSign15 452867.33’ 37572.56 .000 352548 3924 553186,2743
dSignSO 49254.0833 37572.56 ,561 -51064.8576 149573.0243

dSignlO Control -446570.00* 37572.56 000 ■5468S8.9409 -346251,0591
dSign15 6297 3333 37572 56 998 •94021.6076 106616 2743
dSlgnSO -397315,92* 37572.56 .000 -497634.8576 -296996.9757

dSignlS Control -452867.33* 37572,56 .000 -553186.2743 -352548,3924
dSignlO -6297,3333 37572,56 ,998 -106616,2743 94021,6076
dSignSO •403613 25* 37572 56 ,000 -503932-1909 •303294,3091

dSignSO Control -49254.083 37572,56 ,561 -149573,0243 51064.8576
dSignlO 387315,92* 37572.56 ,000 296986.9757 497634,8576
dSign15 403613 25* 37572,56 .000 303294,3091 503932.1909

Based on observed means.
* The mean difference is significant at the ,05 level.

Table 4.2.5 Tukey’ s post-hoc test results o f  the pooled TR146 cell density results 

for the untreated control TR146 cells (Control) and TR146 cells fo llow ing direct 

exposure to the polished d.Sign® 10, d.Sign® 15 and d.Sign®30 disc-shaped specimens.

126



Indirect Exposure

The untreated control TR146 cells and the TR146 cells following indirect exposure to
(fi)the 1, 5, 9 and 14 day immersion solutions generated for the polished d.Sign 10, 

d.Sign®15 and d.Sign®30 disc-shaped specimens at increasing exposure times o f 2-72 

h are shown in Figure 4.2.7.
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Figure 4.2.7 The cell density results determined without trypsin using the trypan 

blue dye assay for the untreated control TR146 cells (Control) and TR146 cells 

following indirect exposure to the polished d. Sign® 10, d.Sign® 15 and d.Sign®30 

immersion solutions of the (a) 1 day, (b) 5 day, (c) 9 day and (d) 14 day immersion 

duration for 2, 24, 48 and 72 h.
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Linear regression analysis o f the untreated control TR146 cells showed no significant 

reduction (P=0.0571) in TR146 cell density with increasing exposure time (2, 24, 48 

and 72 h) (Figure 4.2.6), however, logarithmic regression analysis for the untreated 

control TR146 cells showed a significant increase (P=0.0078) in TR146 cell density 

as the exposure time increased (Figure 4.2.6).

d. Sign® 10

Following indirect exposure o f the TR146 cells to the 1 day immersion solution o f the 

polished d.Sign®10 disc-shaped specimens, a significant linear (P=0.0010) and 

logarithmic (P=0.0020) decrease with increasing exposure time was detected (Table 

4.2.6 and Table 4.2.7, respectively). Regression analyses for the TR146 cells 

following indirect exposure to the 5, 9 and 14 day immersion solutions of the polished 

d.Sign®10 disc-shaped specimens showed a significant linear (P<0.0001) and 

logarithmic (P<0.0001) decrease with increasing exposure time (Table 4.2.6 and 

Table 4.2.7, respectively).

Equation of the Line P value df

Control y=62452.6x + 310422.0 0.3278 0.0571 10

1 day y=-3543.3x + 22201.5 0.6560 0.0010 10

5 day y=-996.2x + 8073.0 0.9670 <0.0001 10

9 day y=-1527.1x+ 8324.0 0.9460 <0.0001 10

14 day y=-1848.8x + 6962.8 0.9630 <0.0001 10

Table 4.2.6 Comparison o f the linear regression analysis data (equation o f the line, 

r ,̂ P values and df) for the cell density data obtained using the trypan blue dye assay 

without trypsin for the untreated control TR146 cells and following indirect exposure 

o f the TR146 cells to 1, 5, 9 and 14 day polished d.Sign®10 immersion solutions at 2, 

24, 48 and 72 h exposure times.
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Equation of the Line r' P value df

Control y=169467.3In(x) + 331909.5 0.5234 0.0078 10

1 day y=-7560.4In(x)+ 19350.1 0.6480 0.0020 10

5 day y=-2080.5In(x) + 7235.5 0.9140 <0.0001 10

9 day y=-3215.8In(x) + 7061.2 0.9100 <0.0001 10

14 day y=-4000.5In(x) + 5519.2 0.9780 <0.0001 10

Table 4.2.7 Comparison of the logarithmic regression analysis data (equation of the 

line, r^, P values and df) for the cell density data obtained using the trypan blue dye 

assay without trypsin for the untreated control TR146 cells and following indirect 

exposure of the TR146 cells to 1, 5, 9 and 14 day polished d.Sign®10 immersion 

solutions at 2, 24, 48 and 72 h exposure times.
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The pooled TR146 cell density results following indirect exposure of the TR146 cells 

to the polished d.Sign® 10 immersion solutions with increasing immersion duration (1, 

5, 9 and 14 day) were analysed using linear and logarithmic regression analyses. It 

was observed that significant linear (P<0.0001) and logarithmic (P<0.0001) 

reductions in the TR146 cell density were observed with increasing immersion 

durations (1-14 day) for the polished d.Sign®10 disc-shaped specimens (Figure 4.2.8).
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Figure 4.2.8 Linear and logarithmic regression analyses: The cell density 

measurements determined without trypsin using the trypan blue dye assay for TR146 

cells following indirect exposure to the 1, 5, 9 and 14 day immersion solutions of the 

polished d.Sign® 10 disc-shaped specimens.

Fitted lines:

Linear: y=-3408.3x + 14964.0 r^=0.5714 P<0.0001 df=46

Logarithmic: y=-7758.3In(x) + 12607.3 r^=0.6420 ?<0.0001 df=46
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d.Sign®15

Indirect exposure of the TR146 cells to the 1, 5, 9 and 14 day immersion solutions for 

the polished d.Sign® 15 disc-shaped specimens highlighted significant linear 

(P<0.0001) and logarithmic (P<0.0001) decreases in cell density were evident as 

exposure time increased from 2-72 h (Table 4.2.8 and Table 4.2.9, respectively).

Equation of the Line r' P value df

Control y=62452.6x + 310422.0 0.3278 0.0571 10

1 day y=-3476.7x+ 16464.5 0.9610 <0.0001 10

5 day y=-1396.1x + 9241.2 0.9110 <0.0001 10

9 day y=-2266.1x + 9209.5 0.8420 <0.0001 10

14 day y=-2997.6x+ 10874.1 0.8940 <0.0001 10

Table 4.2.8 Comparison of the linear regression analysis data (equation of the line, 

r ,̂ P values and df) for the cell density data obtained using the trypan blue dye assay 

without trypsin for the untreated control TR146 cells and following indirect exposure 

of the TR146 cells to the 1, 5, 9 and 14 day polished d.Sign®15 immersion solutions 

at 2, 24, 48 and 72 h exposure times.

Equation of the Line r' P value df

Control y=169467.3In(x) + 331909.5 0.5234 0.0078 10

1 day y=-7333.6In(x) + 13599.2 0.9260 <0.0001 10

5 day y=-3034.9In(x) + 8162.4 0.9840 <0.0001 10

9 day y=-5173.4In(x) + 7654.7 0.9510 <0.0001 10

14 day y=-6705.6In(x) + 8707.7 0.9710 <0.0001 10

Table 4.2.9 Comparison of the logarithmic regression analysis data (equation o f the 

line, r^, P values and df) for the cell density data obtained using the trypan blue dye 

assay without trypsin for the untreated control TRI46 cells and following indirect 

exposure of the TR146 cells to the 1, 5, 9 and 14 day polished d.Sign® 15 immersion 

solutions at 2, 24, 48 and 72 h exposure times.
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The effect of increasing immersion duration (from 1 to 14 day) o f the polished 

d.Sign® 15 disc-shaped specimens on the TR146 cells were investigated using linear 

and logarithmic regression analyses of the pooled TR146 cell density measurements. 

Significant linear (P=0.0006) and logarithmic (P=0.0004) decreases in the TR146 cell 

density were highlighted as the immersion duration of the disc-shaped specimens 

increased from 1 to 14 days (Figure 4.2.9).
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Figure 4.2.9 Linear and logarithmic regression analyses: The cell density 

measurements determined without trypsin using the trypan blue dye assay for TR146 

cells following indirect exposure to the 1, 5, 9 and 14 day immersion solutions of the 

polished d.Sign® 15 disc-shaped specimens.

Fitted lines:

Linear: y=-1538.5x + 8958.2 r^=0.2302 P=0.0006 df=46

Logarithmic: y=-3394.5In(x) + 7809.0 r^=0.2430 P=0.0004 df=46
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d.Sign®30

The regression analyses following indirect exposure of the 1 and 5 day polished 

d.Sign®30 immersion solutions did not show a significant linear (P>0.6600) reduction 

in cell density as exposure time was increased from 2-72 h, however, a significant 

logarithmic (P<0.0130) reduction in cell density was observed (Table 4.2.10 and 

Table 4.2.11, respectively). Indirect exposure of the TR146 cells to the 9 and 14 day 

polished d.Sign®30 immersion solutions highlighted a significant linear (P<0.0280) 

and logarithmic (?<0.0040) reduction in TR146 cell density as exposure time 

increased from 2-72 h (Table 4.2.10 and Table 4.2.11, respectively).

Equation of the Line r' P value df

Control y=62452.6x + 310422,0 0.3278 0.0571 10

1 day y=52595.7x + 276545.5 0.2920 0.0700 10

5 day y=40101.2x+ 244269.1 0.2990 0.0660 10

9 day y=58675.5x + 216168.5 0.4890 0.0110 10

14 day y=56218.9x + 219747.3 0.3990 0.0280 10

Table 4.2.10 Comparison of the linear regression analysis data (equation of the line, 

r ,̂ P values and df) for the cell density data obtained using the trypan blue dye assay 

without trypsin for the untreated control TR146 cells and following indirect exposure 

of the TR146 cells to the 1, 5, 9 and 14 day polished d.Sign®30 immersion solutions 

at 2, 24, 48 and 72 h exposure times.
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Equation o f the Line ■ ■  r' P value df

Control y=169467.3In(x) + 331909.5 0.5234 0.0078 10

1 day y=145514.1In(x) + 292421.9 0.4850 0.0120 10

5 day y=108700.3In(x) + 258158.2 0.4770 0.0130 10

9 day y=148696.5In(x) + 244715.8 0.6820 0.0010 10

14 day y=145349.9In(x) + 244812.1 0.5780 0.0040 10

Table 4.2.11 Comparison o f the logarithmic regression analysis data (equation of the 

line, r , P values and df) for the cell density data obtained using the trypan blue dye 

assay without trypsin for the untreated control TR146 cells and following indirect 

exposure of the TR146 cells to the 1, 5, 9 and 14 day polished d.Sign®30 immersion 

solutions at 2, 24, 48 and 72 h exposure tim.es.
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The influence o f increasing the immersion duration of the polished d.Sign®30 disc

shaped specimens from 1 to 14 days on the pooled TR146 cell density measurements 

were investigated using linear and logarithmic regression analyses and no significant 

linear (P=0.3408) or logarithmic (P=0.2429) reductions on TR146 cell density were 

observed with increasing immersion duration (Figure 4.2.10).
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Figure 4.2.10 Linear and logarithmic regression analyses: The cell density 

measurements determined without trypsin using the trypan blue dye assay for TR146 

cells following indirect exposure to the 1, 5, 9 and 14 day immersion solutions of the 

polished d.Sign®30 disc-shaped specimens.

Fitted lines:

Linear: y=-12488.5x + 400148.5 r^=0.0197 P=0.3408 df=46

Logarithmic: y=-32790.8In(x) + 39497.9 r^=0.0295 P=0.2429 df=46
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Statistical Analyses

A one-way ANOVA highlighted a significant effect (P<0.0001) for the polished alloy 

immersion solutions investigated as shown in Table 4.1.12. The Tukey’s post-hoc 

tests highlighted that TR146 cell densities were significantly reduced when the 

untreated control was compared with the polished d.Sign®10 (P<0.0001), d.Sign®15 

(?<0.0001) and d.Sign®30 (P<0.0001) immersion solutions following indirect 

exposure (Table 4.1.13). No significant difference (P=1.0000) was shown between the 

effects of the d.Sign® 10 and d.Sign® 15 immersion solutions on TR146 cell density 

compared with the untreated control TR146 cells. The polished d.Sign®30 immersion 

solutions elicited significant decreases in TR146 cell density compared with the 

polished d.Sign®10 (P<0.0001) and d.Sign®15 (P<0.0001) dental casting alloys. A 

student’s t-test comparison highlighted the TR146 cell density measurements 

following direct exposure were significantly decreased (P<0.0001) compared with 

indirect exposure (Table 4.2.14).

6«tween-St^jects Ft^tors

Value Label N
AJIoy 1 00 Control 12

2.00 dSignlO 48
3,00 dSlgn15 48
4 0 0 dSign30 48

Tests of Between-Sitf»|ects Effects

D ependent Variable: C ellD ensi^

Source
Type ill Sum  
of S q u a res df M ean S quare F Sig.

C orrected Model 5 499E+12^ 3 1.833E+12 425 853 000
Intercept 4.920E+12 1 4.920E+12 1143.086 .000
Alloy 5 499E+12 3 1.833E+12 425.853 -000
Error 6.542E+11 152 4303959470
Total 9.803E+12 156
Corrected Total 6.153E+12 155

a R S q u ared  = .894 (Adiusted R S q u ared  = 892)

Table 4.2.12 One-way ANOVA of the pooled TR146 cell density results determined 

without trypsin using the trypan blue dye assay for the polished d.Sign® 10, d.Sign® 15 

and d.Sign®30 dental casting alloys (Alloy).
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MtiRiple Coiiip<irisoi>$

D ep en d en t Variable: CeMDensity 
TukeyHSD_____________________

(1) Alloy (J) Alloy

Mean
Difference

(I'J) Std- Error Sig.
95%  Confidence Interval

Lower Bound U pper B ound
Control dSignlO 4 60110 60* 21173.78 .000 405107,8034 5 15113,1966

dS ig n iS 461441.62* 21173.78 ,000 406438,9284 5 16444.3216
dSignSO 97626.4583* 21173.78 .000 42623.7617 152629,1549

dS igm O  Control -4 60110  50* 21173.78 .000 -515113,1966 -405107,8034
dS ig n IS 1331.1250 13391.48 1,000 -33455.6347 36117.8847
dSignSO -362484,04* 13391.48 ,000 -397270,8014 •327697.2819

d S ig n lS  Control -461441.62* 21173 78 ,000 -516444,3216 -406438,9284
dSignlO -1331.1250 13391.48 1.000 -36117.8847 33455.6347
dSign30 •363815.17* 13391.48 ,000 -398601.9264 -329028 ,4069

dSignSO Control •97626 4 5 8 ' 21173,78 ,000 ■152629,1549 -42623,7617
dSignlO 362484.04* 13391.48 .000 327697.2819 397270.8014
dS ignIS 363815 17* 13391.48 ,000 329028.4069 398601,9264

B a se d  on o bserved  m ean s.

* The m ean  difference is significant at the  ,05 level.

Table 4,2.13 Tukey’s post-hoc tests o f  the pooled TR146 cell density results without 

trypsin using the trypan blue dye exclusion assay for the untreated control TR146 

cells (Control) and following indirect exposure to the polished d.Sign® 10, d,Sign® 15 

and d,Sign®30 immersion solutions.

CHie-S<)int}le S ta tis t ic s

N Mean Std. Deviation
Std, Error 

Mean
CeliDensity 180 131526 6 185947,89312 13859,74

O ne-Saiiip le  Test

T est Value = 0

t df Sig. (2-tailed)
Mean

Difference

95% Confidence 
Interval of the 

Difference
Lower U pper

CeliDensity 9.490 179 .000 131526 62 104177,1 158876.1

Table 4.2.14 A student’s t-test comparison o f  direct and indirect exposure methods 

o f  the pooled cell density results by the TR146 cells treated with the polished 

d.Sign® 10, d.Sign® 15 and d.Sign®30 dental casting alloys.

Preliminary Remarks

•  Direct exposure o f  the polished Ni-based dental casting alloys to the TR146 

cells elicited a significant decrease (P<0.0001) in TR146 cell density compared with 

the untreated control TR146 cells although no significant difference (P= 1.0000) 

between the Ni-based dental casting alloys was observed.
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• The pohshed Co-Cr dental casting alloy (d.Sign®30) did not induce a

significant reduction (P=0.5610) in TR146 cell density following direct exposure 

compared with the untreated control TR146 cells.

• Indirect exposure of the immersion solutions generated for each polished

dental casting alloy (d.Sign®10, d.Sign®15 and d.Sign®30), when pooled, highlighted 

significant decreases (P<0.0001, P<0.0001 and P<0.0001, respectively) in TR146 cell 

density compared with the untreated control TR146 cells using Tukey’s post-hoc 

tests. No significant difference (P=1.0000) was evident between the effects o f the 

d.Sign®10 and d.Sign®15 immersion solutions on the TR146 cell density.

• A significant decrease (P<0.0001) in TR146 cell density was observed

following indirect exposure to the polished Co-Cr immersion solutions (d.Sign®30) as 

exposure time increased from 2 to 72 h.

• Direct exposure of the TR146 cells to the polished dental casting alloys 

elicited significantly decreased (P<0.0001) cell density measurements compared with 

indirect exposure to the immersion solutions.
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Expression o f  Inflammatory Cytokines

The TR146 cells monolayer structures were assessed follow ing direct and indirect 

exposure to the polished Ni-based and Co-Cr disc-shaped specimens at 24 h for the 

expression o f  the IL -la , IL-8, PGE2 and T N F -a inflammatory cytokines using 

ELISAs (Section 3.9).

IL- la

The boxplot analysis highlighted low expression levels o f  the I L - la  inflammatory 

cytokine (in pg/mL) from the untreated control TR146 cells and followang direct and 

indirect exposure to the polished d.Sign®30 dental casting alloy at 24 h. High levels o f  

the IL - la  cytokine were expressed from the TR146 cells follow ing direct and indirect 

exposure to the polished d.Sign®10 and the d.Sign®15 specimens at 24 h (Figure 

4.2.11).
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0  0 0 -

Alloy

Figure 4.2.11 Boxplot analysis o f  IL -la  inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f  the polished d. Sign® 10, d,Sign® 15 and d.Sign®30 disc-shaped specimens 

at 24 h.
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Statistical Analyses

The two-way ANOVA highlighted a significant increase (P=0.0010) in the expression 

of the IL -la  inflammatory cytokine for alloy type x exposure method (Table 4.2.15). 

The Tukey’s post-hoc tests showed significant increases in the expression of the IL- 

l a  cytokine were evident for the polished d.Sign®10 (P<0.0001) and d.Sign®15 

(P<0.0001) specimens compared with the untreated control TR146 cells, however, no 

significant increase (P=0.3790) of the IL -la  cytokine was observed for the polished 

d.Sign®30 specimens (Table 4.2.16). The d.Sign®15 specimens elicited significantly 

increased (P<0.0001) levels o f the IL -la  cytokine from the TR146 cells compared 

with the d.Sign®10 specimens. A student’s t-test comparison highlighted a significant 

increase (P<0.0001) in the expression of the IL - la  inflammatory cytokine from the 

TR146 cells following direct exposure compared with indirect exposure (Table 

4.2.17).

Between-SutMects Factors
Value Label N

Alloy 1 00 Control 6

2 00 d8ign10 6

3,00 dSlgn15 6

4,00 dSign30 6

Exposure 1 00 Direct 12

2 0 0 Indirect 12

Tests of Between SukHects Effects
D ep en d en t Variable IL1 a

Source
Type Ml Sum  
of S q u a res df M ean S quare F Sig.

Intercept Hypothesis 116481.831 1 116481.831 9,244 202

En-or 12600.317 1 12600 317^

Alloy Hypothesis 74190.219 3 24730.073 10 202 044

Error 7272.334 3 2424

E xposure Hypothesis 12600.317 1 12600.317 5 1 9 8 107

Error 7272,334 3 2424 i n '*

Alloy* E xposure Hypothesis 7272.334 3 2424.111 9 8 1 5 001

Error 3951.766 16 246 985*

a. M S(Exposure) 
b MS(Alloy* Exposure) 
c, MS(Error)

Table 4.2.15 Two-way ANOVA of the pooled IL -la  inflammatory cytokine 

expression results for the TR146 cell monolayer structures treated with the polished 

d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens (Alloy) at 24 h.
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Multtple Comparisons

lL1a
Tukey HSD

(0 Alloy (J) Alloy

M ean 
DitTerence (1-

J) Std EmDr Sig.

95% Confidence Interval

Lower Bound U pper Bound

Control dSignlO -86,7198" 9.07350 000 -112 6793 -6 0 7 6 0 4

dSign15 -137.6300* 9.07350 .000 -163.5895 -111,6705

dSign30 -15.0025 9 07350 .379 -40.9620 10 9570

dSignlO Control 86.7198" 9.07350 000 60.7604 112.6793

dS ign lS -50.9102" 9.07350 .000 -76,8696 -24.9507

dSign30 71,7173 ' 9.07350 000 45.7579 97 6768

dSignIS Control 137 6300’ 9 07350 000 111 6705 163,5895

dS lg m o 50.9102" 9.07350 .000 24.9507 76.8696

dSignSO 122 6275" 9.07350 ,000 96 6680 148 5870

dSign30 Control 15 0025 9.07350 379 -10,9570 40.9620

dSignlO -71.7173" 9.07350 .000 -97,6768 -45.7579

dSign15 -122 .6275 ' 9.07350 .000 -148.5870 -96.6680

B ased  on observed  m ean s.
The error term  Is Mean Square(ErroO = 246 985

* The m ean  difference is significant at the 0 05 level.

Table 4.2.16 Tukey’s post-hoc test o f the pooled IL -la  cytokine expression results 

by the TR146 cells for the untreated control (Control) and the polished d. Sign® 10, 

d. Sign® 15 and d.Sign®30 dental casting alloys (Alloy).

Ofi«-S4Mii|>le Stdfffstks

N Mean Std. Deviation
Std Error 

Mean
ILIa 24 6 9 6 6 6 4 65.28021 13 32527

0i»6-S«viip{e T est

T est Value = 0

t df SiQ (2-tailed)
Mean

Orfference

95%  Confidence 
interval of the 

Difference

Lower U pper
ILIa 5.228 23 .000 69,66642 4 2 1 0 1 0 97.2318

Table 4.2.17 A student’s t-test comparison o f direct and indirect exposure methods 

o f the pooled IL -la  inflammatory cytokine expression results by TR146 cells treated 

with the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens.
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IL-8

Low levels of the IL-8 inflammatory cytokine (in pg/'mL) were expressed at 24 h from 

the untreated control TR146 cells and from the TR146 cells exposed to the polished 

d.Sign®30 specimens as shown in the boxplot analysis (Figure 4.2.12). Increased 

expression of the IL-8 cytokine from the TR146 cells was evident following exposure 

to the polished d.Sign®10 and d.Sign®15 disc-shaped specimens at 24 h.

1400.00 -

1000 00 -

»  800 .00 -

400 00 -

200 .00 -

024

0 0 0 -

Alloy

Figure 4.2.12 Boxplot analysis of IL-8 inflammatory cytokine expression (in pg/mL) 

from the untreated control TR146 cells and following direct and indirect exposure of 

the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens at 24 h.
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Statistical Analyses

The two-way ANOVA of the factors alloy type x exposure method highlighted 

significantly increased (P<0.0001) expression o f the IL-8 inflammatory cytokine was 

evident for the alloy exposed TR146 cells (Table 4.2.18). The Tukey’s post-hoc tests 

in Table 4.2.19 showed the polished Ni-based (d.Sign®10 and d.Sign®15) dental 

casting alloys exposed to the TR146 cells elicited significantly increased (P<0.0001 

and P<0.0001, respectively) levels of the IL-8 cytokine compared with the untreated 

control TR146 cells. No significant increase (P=0.9790) in the expression of the IL-8 

cytokine by the TR146 cells was elicited by the polished Co-Cr (d.Sign®30) dental 

casting alloy. A significant increase (P<0.0001) in the expression of the IL-8 cytokine 

was evident between the polished d.Sign®10 and d.Sign®15 dental casting alloys. A 

student’s t-test comparison showed the TR146 cells following direct exposure 

expressed significantly increased levels (P<0.0001) of the IL-8 inflammatory cytokine 

compared with indirect exposure (Table 4.2.20).

Between-Subjects Factors
Value Label N

Alloy 1 00 Control 5

7 m ciS»9T\‘\0 6

3 00 dSlgnIS 6

4 00 dSlgn30 6

Exposure 1.00 Direct 12

2.00 Indirect 12

Tests of Between-Subjects EfTects

Dependent Variable IL8

Source
Type III Sum 
of Squares df Mean Square F Sig.

Intercept HypoUiesis 6002024.171 1 6002024 171 28,633 .118

Error 209618 817 1 209618.817*

Alloy Hypothesis 3764517.359 3 1254839.120 20.091 .017

Error 187375,714 3 62458.571^*

Exposure H ypo^esis 209618.817 1 209618 817 3,356 .164

Error 187375,714 3 62458,571^'

Alloy* Exposure Hypothesis 107375 714 3 62458,571 21,342 .000

Error 46825167 16 2926,573'^

a MS(Exposure) 
b MS(AiiOY* Exposure) 
c MS(Error)

Table 4.2.18 Two-way ANOVA of the pooled IL-8 inflammatory cytokine 

expression results for the TR146 cell monolayer structures treated with the polished 

d.Sign® 10, d.Sign®15 and d.Sign®30 disc-shaped specimens (Alloy) at 24 h.
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Multiple Comparisons

IL8
Tukey HSD

(1) Attoy (J) Alloy

Mean 
Difference 0-

J) Std Error Sig.

95%  Confidence interval

Low er Bound U pper Bound

Control dS igniO -698.3873* 31,23338 .000 -787.7467 -609,0280

d S lg n iS -877.5633" 31 23338 .000 -966 9227 -788  2040

dSlgn30 -12.2467 31.23338 .979 *101 6060 7 7 1 1 2 7

dSignlO Control 698,3873 ' 31,23338 .000 809.0280 787,7467

dSign15 -179.1760* 31.23338 .000 ■268,5353 -89.8167

dSlgn30 686,1407’ 31 23338 000 596 7813 7 7 5 5 0 0 0

dS ignIS Control 877.6633* 31,23338 .000 788.2040 966.9227

dS lgnlO 179.1760" 31 23338 ,000 89 8167 2 6 8 5 3 5 3

dSign30 8 6 5 ,3167 ' 31 .23338 ,000 776 9573 954 6760

dSign30 Control 12.2467 31.23338 .979 -77.1127 101.6060

dS lgnlO -686.1407 ' 31 .33338 ,000 -775.5000 -596.7813

d S lg n iS -865 3167' 31 23338 .000 -954.6760 -775.9573

B ased  on observ ed  m ea n s .
The e rro rte rm  Is M ean Square(ErroO = 2926.573.

• The m ean  difference is  significant at the  0 05 level

Table 4.2.19 Tukey’s post-hoc test o f the pooled IL-8 cytokine expression results for 

the TR146 cells for the untreated control (Control) and the polished d.Sign® 10, 

d.Sign®] 5 and d.Sign®30 disc-shaped specimens (Alloy).

O n eS ^ itp ie  S tafistics

N Mean Std. Deviation
Std. Error 

Mean
IL8 24 500.0843 427 75130 87.31437

CHi«-S«unple Test

T est Value = 0

t df Sig. (2-talled)
Mean

Difference

95%  Confidence 
Intenifal of the 

Difference
Lower U pper

IL8 5.727 23 ,000 500.08433 319,4608 680 7079

Table 4.2.20 A student’s t-test comparison o f direct and indirect exposure methods 

of the pooled IL-8 cytokine expression results for the TR146 cells treated with the 

polished d.Sign®IO, d.Sign® 15 and d.Sign®30 disc-shaped specimens.
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PGE2
A boxplot analysis highlighted low level expression of the PGE 2 inflammatory 

cytokine in pg/mL from the untreated control TR146 cells and following direct and 

indirect exposure of the TR146 cells to the polished d.Sign®30 specimens at 24 h. 

Higher levels of the PGE2 cytokine were elicited from the TR146 cells following 

direct and indirect exposure to the polished d.Sign®10 and d.Sign®15 dental casting 

alloys at 24 h (Figure 4.2.13).
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Figure 4.2.13 Boxplot analysis o f PGE2 inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens 

at 24 h.
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Statistical Analyses

Table 4.2.21 highlighted the two-way ANOVA (alloy type x exposure method) o f the 

PGE2 inflammatory cytokine expression data which showed a significant increase 

(P<0.0001) in cytokine expression from the TR146 cells was evident. The Tukey’s 

post-hoc tests (Table 4.2.22) showed the exposure o f the polished d.Sign®10 and 

d.Sign®15 disc-shaped specimens induced significantly higher (P<0.0001 and 

?<0.0001, respectively) levels o f the PGE2 cytokine compared with the untreated 

control TR146 cells. No significant expression of the PGE2 cytokine was elicited from 

the TR146 cells by the polished d.Sign®30 disc-shaped specimens. A significant 

difference in the expression of the PGE2 cytokine from the TR146 cells was observed 

between the polished Ni-based specimens. A significant increase in the expression of 

the PGE2 cytokine from the TR146 cells was highlighted with the direct exposure 

method compared with the indirect exposure method (Table 4.2.23).

Between-Subiects Factors
Value Label N

Alloy 1.00 Control 6

2.00 dSignlO 6

3 00 (JSiflniS 6

4 00 dSign30 6

E xposure 1.00 Direct 12

2,00 Indirect 12

Tests of Between Sut^ects Effects
D ep en d en t V ariable:P0E 2

Source
Type III Sum  
of S q u a res df Mean Square F SIg

Intercept H ypothesis 7 2 6 5 4 7 4 4 2 1 726547.442 8.258 ,213

Error 8 7 9 7 9 1 5 0 1 87979 1 5 0 '

Alloy H ypothesis 513468.003 3 171156,001 7,483 066

Error 68614 090 3 22871.363*’

Exposure H ypothesis 87979.150 1 87979.150 3 8 4 7 ,145

Error 6 8 6 1 4 0 9 0 3 22871 363^

Alloy’ Exposure H ypothesis 68614 090 3 22871.363 145 448 000

Error 2515.972 16 157.248®

a M S(Exposure) 
b MS(Alloy* E xposure) 
c MS(Error)

Table 4.2.21 Two-way ANOVA of the pooled PGE2 inflammatory cytokine 

expression results for the TR146 cell monolayer structures treated with the polished 

d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens (Alloy) at 24 h.
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Multiple C om pvisons

PGE2
TukeyHSD

(0 Alloy (J) Alloy

Mean 
Difference (1-

J) Std, En'or Sig.

95%  Conridence Interval

Lower Bound U pper B ound

Control dSlgnlO -266.1150^ 7 23989 000 -286.8285 -345 4015

dSlgn15 -325.6217* 7 23989 000 -346.3351 -304.9082

dSignSO -13,0400 7.23989 ,309 -33.7535 7.6735

dS ignlO Control 266.1150 ' 7,23989 ,000 245.4015 286.8285

dSign15 -59 ,5067 ' 7,23989 ,000 -80.2201 -38.7932

dSignSO 253 ,0750 ' 7,23989 000 232.3615 273 7885

dSlgn15 Control 325,6217’’ 7,23989 .000 304.9082 346,3351

dSignlO 59.5067“ 7,23989 000 38,7932 80,2201

dSign30 312 .5817 ' 7 23989 000 291 8682 333.2951

dSign30 Control 13 0400 7,23989 309 -7.6735 33 7535

dSignlO -253 ,0750 ' 7,23989 ,000 -273 7885 -232.3615

dSign15 -312.5817" 7,23989 000 -333 2951 -291 8682

B a se d  on observed  m ea n s .
The error term  Is M ean Square(Error) = 157,248,

* The m ean  difference is  significant at the 0 05 level

Table 4.2.22 Tukey’s post-hoc test o f the pooled PGE2 cytokine expression results 

for the TR146 cells for the untreated control (Control) and the polished d.Sign 10, 

d.Sign®15 and d.Sign®30 disc-shaped specimens (Alloy).

St<i9rs}k$

N Mean Std. Deviation
Std Error 

Mean
PGE2 24 173.9908 171 00435 34.90612

Ofie-S.niiple Test

T est Value = 0

t df Sig. (2-tailed)
Mean

Difference

95%  Confidence 
Interval of the 

Difference
Lower U pper

PGE2 4.985 23 000 173.99083 101.7820 246.1996

Table 4.2.23 A student’s t-test comparison o f  direct and indirect exposure methods 

o f the pooled PGE2 cytokine expression results for the TR146 cells treated with the 

polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens.
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TNF-a

The boxplot (Figure 4.1.14) showed low levels (in pg/mL) of the TNF-a cytokine 

were expressed by the untreated control TR146 cells and following exposure to the 

polished d.Sign®30 specimen at 24 h. Increased levels of the TNF-a cytokine 

expression following exposure to the polished d.Sign®10 and d.Sign®15 disc-shaped 

specimens at 24 h were observed.
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Figure 4.2.14 Boxplot analysis of TNF-a inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens 

at 24 h.
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Statistical Analyses

The two-way ANOVA (alloy type x exposure method) of the TNF-a inflammatory 

cytokine results from the TR146 cells showed no significant increase (P=0.4150) in 

cytokine expression was evident (Table 4.2.24). The Tukey’s post-hoc tests showed 

no significant expression of the TNF-a inflammatory cytokine were evident for the 

polished d.Sign®10 (P=0.0800), d.Sign®15 (P=0.2700) and d.Sign®30 (P=1.0000) 

dental casting alloys compared with the untreated control TR146 cells (Table 4.2.25). 

However, a significant increase (P=0.0040) in the expression of the TNF-a cytokine 

by the alloy treated TR146 cells following direct exposure compared with indirect 

exposure was highlighted (Table 4.2.26) using a student’s t-test comparison.

Between-Subjecfs Factors

Value Label N

Alloy 1,00 Control 6

2-00 dSlgnlO 6

3.00 dSignl 5 6

4.00 dSign30 6

Exposure 1.00 Direct 12

2.00 Indirect 12

Tests of Between-Subjects Effects
D ep en d en t VariabteTNF a

Source
Tyoe III Sum  
of S q u a res df M ean S quare F Stg.

Intercept Hypothesis 1050184.007 1 1050184.007 487,164 .029

Error 2 1 5 5 7 5 2 1 2155.762^

Alloy H ypothesis 854421 408 3 284807,136 3 465 .167

Error 2 45575 359 3 8 2 1 9 1 7 8 6 ^

Exposure Hypothesis 2155.752 1 2155.752 .026 ,882

Error 246575.359 3 82191.786^

A lloy ' Exposure Hypothesis 246575.359 3 82191,786 1.008 ,415

Error 1 3 0 5 1 4 4 1 3 6 16 81571 509®

a. M S(Exposure)
b, MSCAIloy* Exposure) 
c MS(Error)

Table 4.2.24 Two-way ANOVA of the pooled TNF-a inflammatory cytokine 

expression results for the TR146 cells treated with the polished d.Sign® 10, d.Sign® 15 

and d.Sign®30 disc-shaped specimens (Alloy) at 24 h.
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Midtlpie C o m p ^ is o n s

TNFa 
Tukey HSO

(0 Aitoy (J) Alloy

Mean 
Difference (1- 

J) Sid, Error Sig.

95%  Confidence Interval

Lower Sound U pper Bound

Controi d S ig m o -430.8633 164.89643 .080 -902,5324 40 9058

dSign15 -312,0750 164.89543 .270 -783.8441 159.6941

dSign30 -7.2150 164.89543 1 000 -478,9841 464.5541

dSigm O Confrol 430.8633 164.B9543 .080 -40.9058 902.6324

dS ig n IS 118.7883 1 6 4 8 9 5 4 3 ,888 -352.9808 590 5574

dSign30 423.6483 164,89543 ,086 -4 8 1 2 0 8 895 4174

d S ignIS Control 312.0750 164.89543 .270 -159,6941 783 8441

dS ignlO -118 7883 164,89543 ,888 -590.5574 352 9808

dSign30 304,8600 164,89543 .288 -166.9091 7766291

dSign30 Control 7,2150 164.89543 1,000 -464 5541 478.9841

dS ignlO -423.6483 164 89543 ,086 -895.4174 48.1208

dSlgn15 -304.8600 164.89543 .288 -776.6291 166,9091

B ased  on observ ed  m ean s .
The error term  is  Mean Square(Error) = 81571.509.

Table 4.2.25 Tukey’s post-hoc test o f  the pooled TNF-a cytokine expression results 

for the TR146 cells for the untreated control (Control) and the polished d.Sign®10, 

d.Sign® 15 and d.Sign®30 disc-shaped specimens (Alloy).

O tte-Soinple S l^ i s t i c s

N M ean Sid Deviation
Std. Error 

Mean
TNFa 24 209 1833 323 58701 66 05192

Otie-StiMiple T est

T est Value = 0

t df Sig (2-taited)
Mean

Difference

95%  Confidence 
Inteival of the 

Difference
Lower U pper

TNFa 3.167 23 .004 209.18333 72.5445 345 8221

Table 4.2.26 A student’s t-test comparison o f  direct and indirect exposure methods 

o f  the pooled TNF-a inflammatory cytokine expression results for the TR146 cells  

treated with the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens.

Preliminary Remarks

• Direct and indirect exposure o f  the polished Ni-based (d.Sign®10 and 

d.Sign®15) dental casting alloys to the TR146 cells induced significantly high levels 

o f  IL -la , IL-8 and PGE2 inflammatory cytokine expression (P<0.0001, P<0.0001 and 

P<0.0001, respectively) but not T N F-a (P>0.2700).
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• The polished Co-Cr (d.Sign®30) disc-shaped specimens did not elicit 

significant levels o f the inflammatory cytokines investigated ( IL - la  (P=0.3790), IL-8 

(P=0.9790), PGE2 (P=0.3090) and T N F-a (P=1.0000)).

• Direct exposure o f the dental casting alloys elicited significantly increased 

( IL - la  (P<0.0001), IL-8 (P<0.0001), PGE2 (P<0.0001) and T N F-a (P=0.0040)) levels 

o f inflammatory cytokines compared with indirect exposure.
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Cellular Metabolic Activity

The linear regression analysis for the untreated control TR146 cells highlighted a 

significant linear (P<0.0001) effect on TR146 cellular metabolic activity (XTT 

reduction) with increasing exposure time from 2-72 h (Figure 4.1.25 and Table 

4.2.27). Individual plots of the linear regression analyses for exposure time are not 

shown, although the figures and analyses are available in the Appendices.

d.Sign®10

The linear regression analyses of the TR146 following indirect exposure to the 

polished d.Sign® 10 immersion solutions for the 1, 5, 9 and 14 day immersion duration 

highlighted significant reductions (P=0.0250, P=0.0040, P<0.0001 and P=0.0030, 

respectively) in TR146 cellular metabolic activity with increasing exposure time (2-72 

h) (Table 4.2.27).

Equation of the Line r' P value df

Control y=-5 .1x+  104.7 0.8611 <0.0001 10

1 day y=-10.2x + 39.5 0.4080 0.0250 10

5 day y=-7.1x + 40.1 0.5760 0.0040 10

9 day y=-4.7x + 40.2 0.9070 <0.0001 10

14 day y=4.7x + 23.3 0.6150 0.0030 10

Table 4.2.27 Comparison of linear regression analysis data (equation of the line, r , 

P values and df) for the total cellular metabolic activity results for the untreated 

control TR146 cells and following indirect exposure o f the TR146 cells to the 1, 5, 9 

and 14 day polished d.Sign®10 immersion solutions at 2, 24, 48 and 72 h exposure 

times.
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The pooled cellular metabolic activity results were analysed using linear regression 

for the TR146 cells following indirect exposure to the polished d.Sign® 10 immersion 

solutions with increasing immersion duration (1-14 day) (Figure 4.1.27). Increasing 

immersion duration o f the polished d.Sign® 10 disc-shaped specimens did not elicit a 

significant linear (P<0.0001) reduction in TR146 cellular metabolic activity (Figure 

4.2.15).
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Figure 4.2.15 Linear regression analyses: The cellular metabolic activity results for 

the TR146 cells following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f the pohshed d. Sign® 10 disc-shaped specimens.

Fitted lines:

Linear: y=6.95x + 7.5 r^=0.3237 P<0.0001 df=46
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d.Sign®15

The regression analyses of the TR146 cells following indirect exposure to the 

polished d.Sign® 15 immersion solutions for the 1, 5, 9 and 14 day immersion 

durations highlighted significant decreases (P=0.0020, P=0.0010, P=0.0050 and 

P<0.0001, respectively) in cellular metabolic activity when exposure time was 

increased from 2 to 72 h (Table 4.2.28).

Equation of the Line r' P value df

Control y=-5.1x+ 104.7 0.8611 <0.0001 10

1 day y=-11.6x + 43.5 0.6180 0.0020 10

5 day y=-9.8x + 36.2 0.6780 0.0010 10

9 day y=-7.5x + 29.0 0.5640 0.0050 10

14 day y=-7.5x + 31.3 0.9210 <0.0001 10

Table 4.2.28 Comparison of linear regression analysis data (equation of the line, r ,̂ 

P values and df) for the total cellular metabolic activity results for the untreated 

control TR146 cells and following indirect exposure of the TR146 cells to the 1, 5, 9 

and 14 day polished d.Sign® 15 immersion solutions at 2, 24, 48 and 72 h exposure 

times.
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Linear regression analyses were performed on the pooled TR146 cellular metabolic 

activity results following indirect exposure to the polished d.Sign® 15 immersion 

solutions with increasing exposure time from 1 day to 14 day. The increasing 

immersion duration o f the polished d.Sign®15 disc-shaped specimens to the TR146 

cells highlighted a significant linear reduction (P=0.0236) in TR146 cellular 

metabolic activity (Figure 4.2.16).
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Figure 4.2.16 Linear regression analyses: The cellular metabolic activity results for 

the TR146 cells following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f the polished d. Sign® 15 disc-shaped specimens.

Fitted lines:

Linear: y=-4.1x + 24.5 r^=0.1002 P=0.0236 df=46
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d.Sign®30

The Hnear regression analyses for the 1, 5 and 9 day (Table 4.2.29) immersion 

solutions of the polished d.Sign®30 dental casting alloys showed significant decreases 

(P=0.0050, P=0.0020 and P=0.0208, respectively) in TR146 cellular metabolic 

activity on increasing the exposure time from 2 to 72 h (Figure 4.2.29). No significant 

decrease (P=0.0700) in cellular metabolic activity was induced by the 14 day polished 

d.Sign®30 alloy immersion solution.

Equation of the Line P value df

Control y=-5.1x+ 104.7 0.8611 <0.0001 10

I day y=-3.61x + 93.56 0.5560 0.0050 10

5 day y=-6.1 Ix + 96.22 0.6340 0.0020 10

9 day y=-1.38x + 87.39 0.1530 0.0208 10

14 day y=-2.18x + 88.22 0.2920 0.0700 10

Table 4.2.29 Comparison of linear regression analysis data (equation of the line, r ,̂ 

P values and df) for the total cellular metabolic activity results for the untreated 

control TR146 cells and following indirect exposure of the TR146 cells to the 1, 5, 9 

and 14 day polished d.Sign®30 immersion solutions at 2, 24, 48 and 72 h exposure 

times.
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The pooled TR146 cellular metabolic activity data following indirect exposure to the 

polished d.Sign®30 immersion solutions for increasing immersion durations of 1, 5, 9 

and 14 days were analysed using a linear regression analysis. It was highlighted that 

as the immersion duration increased (1-14 day), significant linear (P=0.0282) 

reductions in TR146 cellular metabolic activity were observed (Figure 4.1.17).
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Figure 4.2.17 Linear regression analysis: The cellular metabolic activity results for 

the TR146 cells following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions of the polished d.Sign®30 disc-shaped specimens.

Fitted lines:

Linear: y=-5.4x + 92.2 r^=0.0945 P=0.0282 df=46
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Statistical Analyses

A one-way ANOVA highlighted a significant decrease (P<0.0001) in TR146 cellular 

metabolic activity was observed for the alloy immersion solutions (d.Sign® 10, 

d.Sign® 15 and d.Sign®30) in the polished surface finishing condition investigated 

(Table 4.2.30). The Tukey’s post-hoc tests showed significant reductions in TR146 

cellular metabolic activity were evident for the polished d.Sign®10 (P<0.0001) and 

d.Sign®15 (P<0.0001) but not for the polished d.Sign®30 (P=0.0530) immersion 

solutions following indirect exposure to the TR146 cells compared with the untreated 

control TR146 cells (Table 4.2.31). A significant decrease (P<0.0001) in the TR146 

cellular metabolic activity was observed with the polished d.Sign® 15 immersion 

solutions compared with the d.Sign® 10 immersion solutions.

Betweeii-Siibjects Factois

Value Label N
Alloy 1.00 Control 12

2.00 dSigm O 48
3,00 dSign15 48
4.00 dSlQn30 48

Tests of Between-SitfHecis Effects

D ependen t Variable XTT

Source
Type III Sum  
of S q u a res df Mean S quare F SIg.

C orrected Model 167931.014^ 3 55977 005 439 084 000
Intercept 308961.920 1 308961,920 2423.501 000
Alloy 167931.014 3 55977 006 439.084 .000
Error 19377.843 152 127 486
Total 489086.107 156
Corrected Total 187308.857 155

a  R S q u ared  = .897 C ^djustedR  S q u ared  = 895)

Table 4.2.30 One-way ANOVA of the pooled cellular metabolic activity results by 

the untreated control TR146 cells and following indirect exposure to the polished 

d.Sign®10, d.Sign®15 and d.Sign®30 dental casting alloys.
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Multiple Coinp«iiisoiis

D ep en d en t Variable: XTT 
TukeyHSO

(1) Alloy (J) Alloy

Mean
Difference

(I'J) Std Error Sig.
95%  C onfidence Interval

Lower Bound U pper Bound
Control dSignlO 67.7983* 3.64414 .000 58.3320 77.2646

dSlgn15 80.2623* 3.64414 000 70.7960 89.7286
dSlgn30 9 3945 3 64414 .053 -.0718 18,8608

dSignlO Control -67.7983* 3.64414 .000 -77,2646 -58.3320
dSign15 12.4640* 2.30476 .000 6,4770 18.4510
dSign3Q -68.4038* 2.30476 .000 -64.3908 -52.4168

d S lg n IS Control -80.2623* 3.64414 ,000 •89.7286 ■70.7960
dSignlO -12.4640* 2,30476 .000 -18,4510 -6,4770
dSlgnSO -70.8678* 2,30476 000 -76.8548 -64.8808

dSlgn30 Confro! -9.3945 3 64414 D53 -18.8608 .0718
dSignlO 58.4038* 2.30476 .000 52.4168 64,3908
dSlgn15 70.8678* 2,30476 .000 64.8808 76.8548

B a se d  on observed  m ea n s ,

'  The m ea n  difference is  significant at the  05 level.

Table 4.2.31 T ukey’s post-hoc tests o f  the pooled TR 146 cellular m etabolic activity 

results for the untreated control TR 146 cells (Control) and follow ing indirect exposure 

to the polished d.Sign® 10, d.Sign® 15 and d.Sign®30 im m ersion solutions.

Preliminary Remarks

•  Using linear regression analyses, for each alloy im m ersion solution 

investigated (d.Sign®10 (P<0.0250), d.Sign®15 (P<0.0050) and d.Sign®30 

(P<0.0700)), a significant decrease in cellular m etabolic activity was observed 

follow ing indirect exposure to the alloy im m ersion solutions.

• As the alloy im m ersion duration increased (1, 5, 9 and 14 day) no significant 

decrease (P<0.0001) in TR146 cellular m etabolic activity was evident for the 

d.Sign®10 dental casting alloy. H ow ever, significant linear decreases in TR146 

cellular m etabolic activity w ere observed for the d.Sign® 15 (P=0.0236) and d.Sign®30 

(P=0.0282) dental casting alloys.

• The polished N i-based alloy im m ersion solutions (d.Sign® 10 and d.Sign® 15) 

elicited significantly higher (P<0.0001 and P<0.0001, respectively) decreases in 

TR 146 cellular m etabolic activity com pared w ith the polished C o-C r (d.Sign®30) 

(P=0.0530) alloy im m ersion solutions.
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Cellular Toxicity

The linear regression analysis for the Triton-X treated TR146 cell monolayer control 

did not show a significant linear effect (P=0.2000) in cellular toxicity (LDH release) 

with increasing exposure time from 2-72 h (Figure 4.1.28 and Table 4.2.32). 

Individual plots o f the linear regression analyses for exposure time are not shown, 

although the figures and analyses are available in the Appendices.

d.Sign®10

The linear regression analyses of the TR146 cells following indirect exposure to the 1, 

5, 9 and 14 day immersion solutions of the polished d.Sign®10 disc-shaped specimens 

highlighted significant linear increases (P<0.0001, ?<0.0001, ?<0.0001 and 

?<0.0001, respectively) in TR146 cellular toxicity when exposure time was increased 

from 2 to 72 h (Table 4.2.32).

Equation of the Line P value df

Control y=-0.4x + 99.3 0.1591 0.2000 10

1 day y=28.8x + 36.4 0.9340 <0.0001 10

5 day y=18.0x+ 19.01 0.8940 <0.0001 10

9 day y=24.1x + 29.1 0.9210 <0.0001 10

14 day y=26.3x + 21.7 0.9090 <0.0001 10

Table 4.2.32 Comparison of linear regression analysis data (equation o f the line, r ,̂ 

P values and df) for the total cellular toxicity results for the Triton-X treated control 

TR146 cells and following indirect exposure of the TR146 cells to the 1, 5, 9 and 14 

day polished d.Sign® 10 immersion solutions at 2, 24, 48 and 72 h exposure times.
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The pooled TR146 cellular toxicity results following indirect exposure to the polished 

d.Sign® 10 immersion solutions for increased exposure (1-14 day) durations were 

investigated using a linear regression analysis. A significant linear increase 

(P=0.4134) in cellular toxicity was observed as the immersion duration o f the 

polished d.Sign® 10 disc-shaped specimens increased over time (Figure 4.2.18).
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Figure 4.2.18 Linear regression analyses: The cellular toxicity results for the TR146 

cells following indirect exposure to the 1, 5, 9 and 14 day immersion solutions o f the 

polished d.Sign® 10 disc-shaped specimens.

Fitted lines:

Linear: y=3.2x + 25.8 r^=0.0146 P=0.4134 df=46
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d. Sign® 15

Indirect exposure of the polished d.Sign® 15 immersion solutions to the TR146 cells 

was investigated using linear regression analyses as exposure time was increased from 

2-72 h. The 1, 5, 9 and 14 day immersion solutions elicited significant increases 

(P<0.0001, P<0.0001, P<0.0001 and P<0.0001, respectively) in cellular toxicity with 

increasing exposure time (Table 4.2.33).

Equation of the Line P value df

Control y=-0.4x + 99.3 0.1591 0.2000 10

1 day y= 28 .4x-30 .8 0.8890 <0.0001 10

5 day y=28.4x-29 .8 0.8720 <0.0001 10

9 day y= 29 .1x-28 .0 0.8740 <0.0001 10

14 day y= 29 .5x-21 .7 0.8340 <0.0001 10

Table 4.2.33 Comparison of linear regression analysis data (equation o f the line, r ,̂ 

P values and df) for the total cellular toxicity results for the Triton-X treated control 

TR146 cells and following indirect exposure o f the TR146 cells to the 1, 5, 9 and 14 

day polished d.Sign® 15 immersion solutions at 2, 24, 48 and 72 h exposure times.
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The effect o f increasing immersion duration of the polished d.Sign®15 immersion 

solutions to the TR146 cells when investigating cellular toxicity was shown using a 

linear regression analysis. No significant effect (P=0.4071) on increasing the 

immersion duration was observed for the polished d.Sign®15 immersion solutions 

(Figure 4.2.19).
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Figure 4.2.19 Linear regression analyses: The cellular toxicity results for the TR146 

cells following indirect exposure to the 1, 5, 9 and 14 day immersion solutions of the 

polished d.Sign® 15 disc-shaped specimens.

Fitted lines:

Linear: y=3.8x + 35.3 r^=0.0149 P=0.4071 df=46
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d.Sign®30

The hnear regression analyses of TR146 cells following indirect exposure to the 

polished d.Sign®30 immersion solutions of 1, 5, 9 and 14 day with increasing 

exposure time of 2, 24, 48 and 72 h were investigated (Table 4.2.34). Significant 

increases in TR146 cellular toxicity were elicited following indirect exposure of the 

TR146 cells to the 1 day (P=0.0040), 5 day (P=0.0040), 9 day (P=0.0010) and 14 day 

(P=0.0140) polished d.Sign®30 disc-shaped specimens with increasing exposure time.

Equation o f the Line P value df

Control y=-0.4x + 99.3 0.1591 0.2000 10

1 day y = 1 .9 7 x -0.237 0.5790 0.0040 10

5 day y=0.507x + 0.49 0.5880 0.0040 10

9 day y=0.671x + 0.82 0.6650 0.0010 10

14 day y = 0 .8 6 4 x -0.452 0.4690 0.0140 10

Table 4.2.34 Comparison o f linear regression analysis data (equation of the line, r ,̂ 

P values and df) for the total cellular toxicity (LDH release) results for the Triton-X 

treated control TR146 cells and following indirect exposure of the TR146 cells to the 

1, 5, 9 and 14 day polished d.Sign®30 immersion solutions at 2, 24, 48 and 72 h 

exposure times.
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A linear regression analysis was performed on the pooled cellular toxicity data to 

determine the effect o f increasing immersion duration of the polished d.Sign®30 

immersion solutions to the TR146 cells (Figure 4.2.20). A significant decrease 

(P=0.0019) in cellular toxicity was shown with increasing immersion duration from 1 

to 14 days for the polished d.Sign®30 disc-shaped specimens.

100.00

80.00

g
^  60.00 
o
X
o

i -

f t
3  40.00

u

20.00

0.00

Figure 4.2.20 Linear regression analyses: The cellular toxicity results for the TR146 

cells following indirect exposure to the 1, 5, 9 and 14 day immersion solutions of the 

polished d.Sign®30 disc-shaped specimens.

Fitted lines:

Linear: y=-0.8x + 4.7 r^-0.1917 P=0.0019 df=46
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Statistical Analyses

A one-way ANOVA (surface finishing condition) was performed which showed that a 

significant increase (P<0.0001) in cellular toxicity was evident for the alloy 

immersion solutions investigated (Table 4.2.35). The Tukey’s post-hoc tests shown in 

Table 4.2.36 for the alloy immersion solutions investigated showed a significant 

increase in cellular toxicity for the polished d.Sign®10 (P<0.0001), d.Sign®15 

(P<0.0001) and d.Sign®30 (?<0.0001) immersion solutions compared with the treated 

control TR146 cells. No significant difference (P=0.1700) was observed between the 

polished Ni-based (d.Sign®10 and d.Sign® 15) immersion solutions when LDH release 

levels in the TR146 cells (cellular toxicity) were examined. The polished Co-Cr 

(d.Sign®30) immersion solutions elicited significantly decreased (P<0.0001) levels of 

cellular toxicity from the TR146 cells compared with the Ni-based (d.Sign® 10 and 

d.Sign® 15) immersion solutions.

BetMeen-Suhjects Factots

Value Label N
Alloy 1.00 Control 12

2.00 d S ig m o 48
3.00 dSlgnIS 48
4.00 dSignSO 48

Tests ot Betweeti'S«d)iecl$ Effects

D ep en d en t Variable: LDH

Source
Type III Sum  
of S q u a res dr M ean S quare F Sig

Corrected Model 101806.905^ 3 33935.635 51 221 .000
intercept 220609.008 1 220609.008 332,976 .000
Alloy 101806.905 3 33935 635 51.221 .000
Error 100705.582 152 662,537
Total 367325.579 156
C orrected Total 202512.487 155

a. R S quared  = .503 (Adjusted R S q u ared  = ,493)

Table 4.2.35 One-way ANOVA of the pooled TR146 cellular toxicity results for the 

Triton-X treated control TR146 cells (Control) and following indirect exposure o f the 

polished d.Sign®10, d.Sign® 15 and d.Sign®30 disc-shaped specimens (Alloy).
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Miittipie Cotnp.iiisoiis

D ep en d en t Variable: LDH 
TukeyHSD ______________

(1) Alloy (J) Alloy

Mean
Difference

(t-J) Std. Error Sig,
95%  Confidence Inten/al

Lower Bound U pper Bound
Control dSlgnlO 64.5246* 8 30748 .000 42 9444 86.1048

dSign15 53.6913* 8.30748 .000 32-1111 75.2714
dSignSO 95.6382* 8.30748 ,000 74.0580 117.2184

dSignlO Control -64.5246* 8,30748 .000 -86.1048 -42.9444
dSign15 -10,8333 5,25411 .170 -24.4818 2.8152
dSignSO 3 1 .1 1 3 6 ' 5.25411 .000 17.4651 44.7621

dSign15 Control -53.6913* 8.30748 .000 -75.2714 -32.1111
d S ig m o 10.8333 5.25411 .170 -2,8152 24,4818
dSign30 41 9470* 5 25411 .000 28.2985 5 5 5 9 5 5

dSign30 Control •95 6382* 8 30748 .000 -117,2184 -74 0580
dSignlO -31.1136* 5.25411 .000 -44,7621 -17.4651
dSign15 ■41.9470* 5.25411 .000 -65,5955 -28.2985

B a se d  on o bserved  m ea n s .

* The m ea n  difference is  significant at the 05 level.

Table 4.2.36 T ukey’s post-hoc test o f  the pooled cellular toxicity data for the Triton- 

X treated control TR 146 cells (Control) and the polished d.Sign® 10, d.Sign® 15 and 

d.Sign®30 disc-shaped specim ens (Alloy).

Preliminary Remarks

•  Significant increases (P<0.0001) in TR146 cellular toxicity (LDH release

levels) w ere evident for the alloy im m ersion solutions investigated (d.S ign 10, 

d.Sign®15 and d.Sign®30) com pared w ith the Triton-X  treated control TR146 cells.

• Increasing the im m ersion duration caused a statistically significant increase 

(P=0.0019), although not a linear increase, in cellular toxicity w ith the d.Sign®30 

im m ersion solutions, how ever, this was not observed for the d.Sign®10 and d.Sign®15 

(P=0.4134 and P=0.4071) im m ersion solutions.

• The polished d.Sign® !5 im m ersion solutions did not elicit significantly

increased (P=0.1700) levels o f  LD H  release from  the TR146 cells com pared w ith the 

polished d.Sign® 10 im m ersion solutions.

• The polished d.Sign®10 (P<0.0001) and d.Sign®15 (P<0.0001) im m ersion

solutions elicited significantly  higher levels o f  cellular toxicity from  the TR 146 cells 

com pared w ith the polished d.Sign®30 im m ersion solutions.
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ICP-MS

The poHshed Ni-based dental casting alloys (d.Sign®10 and d.Sign®15) released high 

levels of nickel over the 14 day immersion period with maximum levels detected of 

361.8 and 417.5 |ig/L, respectively (Table 4.2.37). The other main alloying element 

used in the d.Sign®10 and d.Sign®15 dental casting alloys, namely chromium, was 

detected in the immersion solutions in increasing levels up to a maximum at 14 days 

of 13.39 and 29.67 fxg/L, respectively. The polished Co-Cr (d.Sign®30) dental casting 

alloy when immersed for up to a maximum of 14 days released chromium, iron and 

cobalt at 57.3, 27.2 and 17.3 ^g/L, respectively.

Prelim inary Remarks

• The polished d.Sign® 15 dental casting alloy released the highest level of 

reported alloying metal ions (nickel, chromium and molybdenum) compared with the 

polished d.Sign® 10 dental casting alloy.

• As the immersion duration of each dental casting alloy increased from 1 day to 

7 days and 14 days, the levels of metal ions released was increased with increasing 

immersion duration.
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Alloy Day Ni Cr Mo Fe Co Cu

d.Sign®10 1 68.4 11.5 17.4 52.4 - 240.7

7 204.5 13.7 27.6 87.5 - 245.1

14 361.8 13.4 86.7 106.5 - 240.4

d.Sign*15 1 140.8 14.5 25.4 67.1 - 267.1

7 289.1 22.6 35.9 83.4 - 271.6

14 417.5 29.7 44.9 114.7 - 270.9

d.Sign®30 1 - 37.4 - 12.8 25.1 -

7 - 44.1 - 20.1 22.7 1.8

14 - 57.3 - 27.2 17.4 5.7

Table 4.2.37 ICP-MS analysis of the 1, 7 and 14 day immersion solutions for the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped 

specimens. Values are given in |ig/L.



4.2.7 Summary

The observations o f the current section o f the study indicated that by using the 2D 

TR146 cell monolayer structure in association with multiple analyses, differences in 

the biocompatibility o f  two commercially available polished Ni-based (d.Sign®10 and 

d.Sign® 15) and polished Co-Cr (d.Sign®30) dental casting alloys could be assessed. 

The biocompatibility o f the Ni-based dental casting alloys following cell morphology, 

cell density (without trypsin), expression o f inflammatory cytokines, cellular 

metabolic activity and cellular toxicity analyses were shown to be significantly 

reduced compared with the control TR146 cells. The Co-Cr (d.Sign®30) dental 

casting alloy did not elicit a loss o f biocompatibility for all analyses investigated.

• The author postulated that the combination o f analyses used in the current 

section o f the study represented a sensitive predictor o f biocompatibility for dental 

casting alloys. Crucially, the analyses were performed using a surface finishing 

condition identical to that routinely employed clinically whereby the dental casting 

alloys can encounter prolonged contact to the gingival tissues and may often extend 

sub-gingivally.

• The polished Co-Cr dental casting alloy possessed significantly enhanced 

biocompatibility to the TR146 cells compared with the polished N i-based dental 

casting alloys.

• Consequently the effect o f oral pathogens on the polished dental casting alloys 

investigated was determined in the next section o f the current study.
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4.3 Influence o f Oral M icroorganisms on Alloy Biocompatibility

Study Rationale

The aim of the current section o f the study was to determine the effects of bacterial 

{Streptococcus mutans {S. mutans)) and fungal {Candida albicans {C. albicans) and 

Candida dubliniensis (C. dubliniensis)) oral microorganisms on the biocompatibility 

o f three polished dental casting alloys described in Section 4.2. The polished disc

shaped specimens specific for each dental casting alloy (d.SignlO, d.Sign®15 and 

d.Sign®30) were exposed to each oral microorganism {S. mutans, C. albicans and C. 

dubliniensis) for 24 h after which direct and indirect analyses were performed. 

Morphological alterations of the TR146 cell monolayer structures were investigated 

by light microscopy following direct and indirect exposure to the dental casting alloys 

for 48 h (Section 4.1.5). Cell density measurements (without trypsin) analyses were 

performed on the TR146 cell monolayer structures following direct and indirect 

exposure to the dental casting alloys for a maximum of 72 h (Section 4.1.5). The 

TR146 cell monolayer structures were assessed to determine the expression of 

inflammatory cytokines using ELIS As following direct and indirect exposure to the 

dental casting alloys (Section 4.1.5). The relative metabolic activity of the TR146 

cells following indirect exposure to the dental casting alloys was determined using a 

XTT reduction assay over 72 h (Section 4.1.5) and the cellular toxicity of the TR146 

cells following indirect exposure to the dental casting alloys up to 72 h was analysed 

using the LDH assay (Section 4.1.5). Metal ions present in the immersion solutions 

following inoculation with bacterial oral microorganisms were quantified using ICP- 

MS analysis. The objective of this section of the study was to use the polished 

(Section 4.2) dental casting alloys to investigate the effect of oral microorganisms {S. 

mutans, C. albicans and C. dubliniensis) on the biocompatibility of the TR146 cells.

4.3.1 M aterials and Methods

Disc-shaped specimens (n=30) of each Ni-based (d.Sign®10 and d.Sign® 15) and Co- 

Cr (d.Sign®30) dental casting alloy were cast (Section 3.1), the residual investment 

material removed by alumina particle air abrasion (Section 3.2) and polished using 

rubber dental polishing wheels (Section 3.3).
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4.3.2 Cell Culture

The 2D TR146 cell monolayer structure which achieved >70% confluence (Section  

3.7) were trypsinised (Section 3.7) and thereafter, a known TR146 cell density 

measurement was seeded into fresh cell culture plates prior to incubation under 

normal incubation conditions for specific aspects o f  the experimentation (Section 3.7).

4.3.3 Oral Microorganisms

Strains

S. mutans U A 159, C. albicans S5134 and C. dubliniensis CD36 strains were obtained 

from the -20°C frozen strain collection o f  the M icrobiology Unit, D ivision o f  Oral 

Bioscience, Dublin Dental University & Hospital, Trinity College Dublin, Ireland.

Media

S. mutans was routinely cultured on Colombia blood agar (CBA) (Oxoid, Hampshire, 

UK) at a pH o f  6.0 at 37°C for 48 h in a GasPak anaerobic gas jar (Oxoid) which 

comprised o f  an 80% nitrogen, 10% hydrogen and 10%> CO2 atmosphere (anaerobic 

growth conditions). Liquid broth cultures were routinely grown in tryptone soya broth 

(TSB) (Oxoid) which had been freshly buffered using 1.0 M sodium bicarbonate 

(NaHCOa) to provide a final concentration o f  0.1 M maintained at a pH o f  6.6 and 

were incubated anaerobically at 37°C for 24 h.

C. albicans  and C  dubliniensis were routinely cultured on potato dextrose agar (PDA) 

(Oxoid) at a pH o f  5.6 at 37°C for 48 h. Liquid broth cultures were routinely grown in 

yeast peptone dextrose (YPD) broth maintained at a pH o f  5.5 which contained 10 g/L  

yeast extract, 20 g/L bactopeptone (D ifco, Michigan, M l, USA) and 20 g/L glucose. 

The YPD broth was incubated at 37°C for 24 h in an orbital incubator (Gallenkamp, 

Model G25, Leicester, UK) at 200 rpm.
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Strain Storage and Revival

The oral microorganisms used were maintained on plastic beads in micro-bank 

cryogenic vials (Pro-lab Diagnostics, Cheshire, UK) for long-term cryogenic storage 

as each of the strains possessed the ability to revive after substantial storage periods. 

5'. mutans was maintained on plastic beads in micro-bank cryogenic vials at -80°C. 

The strain was reactivated by aseptic removal of one plastic bead from the cryogenic 

vial which was inoculated onto a fresh CBA plate followed by anaerobic incubation at 

37°C for 48 h. C. albicans and C  dubliniensis were also maintained on plastic beads 

in micro-bank cryogenic vials at -80°C. Each of the stored isolates was reactivated by 

aseptic removal of one plastic bead from the cryogenic vial which was inoculated onto 

a fresh PDA plate and was incubated at 37°C for 48 h.

4.3.4 Alloy Exposure Methods

The polished disc-shaped specimens (n=30) for each dental casting alloy (d.Sign® 10, 

d.Sign® 15 and d.Sign®30) were sterilised in self-sealing pouches at 115°C for 15 mins 

in accordance with Section 3.5.

S. mutans

S. mutans was routinely cultured on a fresh CBA plate and anaerobically incubated at 

37°C for 48 h. A single colony of S. mutans was inoculated into 10 mL of fresh TSB 

(pH 6.6) to which a single sterilised disc-shaped specimen (specific for each dental 

casting alloy) was added. The broth culture was anaerobically incubated at 37°C for 

24 h and the disc-shaped specimen was removed. The disc-shaped specimens were 

washed using sterilised Milli-Q® Biocel-purified water and sterilised using the 

procedure outlined in Section 3.5.

C. albicans and C. dubliniensis

C. albicans and C. dubliniensis were routinely cultured onto fresh PDA plates and 

were incubated at 37°C for 48 h. Individual colonies of C. albicans and C. 

dubliniensis were separately inoculated into 10 mL of fresh YPD broth maintained at 

a pH of 5.5. Sterilised disc-shaped specimens (for each dental casting alloy) were 

added aseptically to the broth cultures and anaerobically incubated at 37°C for 24 h.
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The disc-shaped specimens were removed and washed with sterihsed Milli-Q® 

Biocel-purified water and sterilised in an LTE Touchclave-LAB autoclave using the 

procedure outlined in Section 3.5.

Direct Exposure

Direct exposure involved the placement of the oral microorganism treated-polished 

Ni-based (d.Sign®10 and d.Sign®15) and Co-Cr (d.Sign®30) disc-shaped specimens 

onto the 2D TR146 cell monolayer structure surface seeded into fresh cell culture 

plates at a density of 2x10^ cells in 2 mL CM (Section 3.8). Light microscopy was 

used to provide a visual assessment of the TR146 cell morphological alteration, cell 

density variations were established using the trypan blue dye exclusion assay (without 

trypsin) and the expression of inflammatory cytokines were determined using 

ELISAs. At the specific alloy exposure times, the disc-shaped specimens were 

aseptically removed from the cell culture plates and the TR146 cell monolayer 

structures underwent immediate testing and analysis (Section 3.9).

Indirect Exposure

Indirect exposure of the 2D TR146 cell monolayer structures involved the placement 

of the oral microorganism-treated polished Ni-based (d.Sign® 10 and d.Sign®15) and 

Co-Cr (d.Sign®30) disc-shaped specimens into 50 mL of SFM (Section 3.8). The disc

shaped specimens remained in the SFM for 1, 5, 9 and 14 days (immersion duration) 

prior to aseptic removal. The resultant alloy immersion solutions were inoculated onto 

the 2D TR146 cell monolayer structures previously seeded into fresh cell culture 

plates at 2x10^ cells in 2 mL of CM. Cell morphology was assessed for each 

immersion solutions (specific to each dental casting alloy and oral microorganism) at 

2, 24, 48 and 72 h using light microscopy. Cell density variations for the TR146 cell 

monolayer structures were determined for each oral microorganism-treated dental 

casting alloy at exposure times o f 2, 24, 48 and 72 h using the trypsin-free trypan blue 

dye exclusion dye assay. The expression of inflammatory cytokines were determined 

for the TR146 cells following indirect exposure to the immersion solutions (1, 5, 9 

and 14 day) of the oral microorganism-treated dental casting alloys (d.Sign®10, 

d.Sign® 15 and d.Sign®30) at 24 h (exposure time). Cellular metabolic activity and 

cellular toxicity analyses were conducted by inoculating the alloy immersion solutions 

(specific for each dental casting alloy and each oral microorganism) onto the TR146
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cell monolayer structures seeded at 2x10^ cells in 200 |iL o f  SFM for exposure times 

o f  2, 24, 48 and 72 h.

Statistical Analyses

Regression analyses were performed on the TR146 cell density measurements using 

the trypan blue dye exclusion assay for the untreated control TR146 cells and 

follow ing direct exposure for 2, 24, 48 and 72 h to the oral microorganism {S. mutans, 

C. albicans and C. dubliniensis)-XxQdXtd polished Ni-based (d.Sign® 10 and d.Sign® 15) 

and Co-Cr (d.Sign®30) specimens. The cell density measurements were pooled for 

each o f  the dental casting alloys and a three-way AN O V A  (and Tukey’s post-hoc tests 

where appropriate) was used to compare the dental casting alloys, oral 

microorganisms and exposure times. Regression analyses o f  the TR146 cell density 

measurements were performed for the untreated control and following the indirect 

exposure o f  the TR146 oral keratinocytes to the S. mutans, C. albicans and C. 

dubliniensis-irtdiiQd polished alloy immersion solutions specific to each dental casting 

alloy (d.Sign®10, d.Sign® 15 and d.Sign®30) for the exposure times (2, 24, 48 and 72 

h) and immersion durations (1, 5, 9 and 14 day) investigated. The cell density results 

were subsequently pooled for each dental casting alloy and a four-way AN O V A (and 

Tukey’s post-hoc tests where appropriate) were used to compare alloy composition, 

oral microorganisms, immersion durations and exposure times. A student’s t-test was 

performed to compare the cell density exposure methods (direct and indirect) used.

A three-way AN O V A  was used to determine the expression o f  inflammatory 

cytokines (IL -la , IL-8, PGE2 and TNF-a) for the untreated control at 24 h exposure 

time or follow ing direct exposure to the oral microorganism-treated polished  

d.Sign® 10, d.Sign® 15 or d.Sign®30 specimens onto the TR146 cell monolayer 

structure at 24 h. Additionally, the expression o f  inflammatory cytokines were 

analysed using a three-way AN O V A  for the untreated control at 24 h or following  

indirect exposure o f  the TR146 cell monolayer structure to the 1, 5, 9 and 14 day 

immersion solutions specific for each oral microorganism-treated polished dental 

casting alloy at 24 h (specific for each inflammatory cytokine). A  student’s t-test was 

performed to compare specific inflammatory cytokine expression results for the 

exposure methods (direct and indirect) employed in the current study.
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The cellular metabolic activity (XTT) results for the untreated control and the TR146 

cells following indirect exposure to each oral microorganism-treated immersion 

solution (specific for each dental casting alloy) for up 72 h were pooled and analysed 

using a two-way ANOVA and Tukey’s post-hoc tests. The pooled cellular toxicity 

(LDH) results for the TR146 cells treated with Triton-X (treated control) and the 

TR146 cells following indirect exposure to the oral- microorganism-treated 

immersion solutions (specific for each dental casting alloy) were analysed using a 

two-way ANOVA and Tukey’s post-hoc tests.

4.3.5 ICP-MS

The metal ion leachate composition o f the S. mutans-Xreated alloy immersion solution 

specific for each of the polished alloys (d.Sign®10, d.Sign®15 and d.Sign®30) was 

determined using ICP-MS (Section 3.10). The S. m utans-treaied  disc-shaped 

specimens specific for each dental casting alloy were placed into 50 mL of SFM for 

immersion durations of 1, 7 and 14 days before the discs were aseptically removed.
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4.3.6 Results

Cell Morphology

Direct Exposure

The untreated control TR146 cells were examined using light microscopy after normal 

incubation for 48 h which highlighted cell attachment and cell growth were evident. 

Cell division was ongoing due to the conversion of the phenol red colour indicator 

from red to yellow (Figure 4.3,1a).

S. mutans

Direct exposure o f the TR146 cells to the polished S. mutans-iXQaitd d.Sign®10 and 

d. Sign® 15 disc-shaped specimens following normal incubation conditions for 48 h 

induced a loss o f cell membrane symmetry and a decrease in cell dimension causing 

cell rounding compared with the untreated control (Figure 4.3.1b and 4.3.1c, 

respectively). Cell detachment and cell blebbing were evident in addition to the 

expulsion o f intracellular components of the TR146 cells. However, it was not 

possible to visually discern between the Ni-based alloys based on the effects of the S. 

ww/am-treated polished d.Sign®10 and d.Sign®15 TR146 cell morphology. Direct 

exposure of the S. mwton^-treated polished Co-Cr (d.Sign 30) disc-shap>ed specimens 

at 48 h (under normal incubation conditions) induced a loss of cell membrane 

symmetry with associated cell shrinkage leading to cell rounding when compared with 

the untreated control, however, cell blebbing was not evident (Figure 4.3. Id).
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Figure 4.3.1 Visual assessment o f (a) >70% confluent TR146 cell monolayer 

structures incubated for 48 h and viewed under light microscopy and following direct 

exposure to the S. mutans-treaied polished (b) d.Sign® 10, (c) d.Sign® 15 and (d) 

d.Sign®30 dental casting alloys.

C albicans

Following direct exposure of the TR146 cells maintained under normal incubation 

conditions for 48 h to the C  albicans-XxtdLXtd polished Ni-based dental casting alloys 

(d.Sign®10 (Figure 4.3.2a) and d.Sign®15 (Figure 4,3.2b)) induced a loss of cell 

membrane symmetry and increased cell shrinkage compared with the untreated 

control TR146 cells. Cell blebbing was not observed for the C. -treated

polished d.Sign®10 or d.Sign®15 disc-shaped specimens and it was not possible to 

distinguish between the morphological changes observed. Direct exposure o f the C. 

albicans-XXQdXQd polished d.Sign®30 dental casting alloys to the TR146 cells at 48 h 

when maintained under normal incubation conditions induced a loss o f cell membrane
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symmetry with associated cell shrinkage leading to cell rounding and detachment 

(Figure 4.3.2c).

(a) (b)

S«M

( c )

SilU

Figure 4.3.2 Visual assessment of >70% confluent TR146 cell monolayer structures 

incubated for 48 h and viewed under light microscopy following direct exposure to 

the C. a/A/caw-treated polished (a) d.Sign®10, (b) d.Sign®15 and (c) d.Sign®30 dental 

casting alloys.

C  dubliniensis

Following direct exposure to the TR146 cells, the C. dubliniensis-tTQated polished Ni- 

based (d.Sign®10 (Figure 4.3.3a) and d.Sign®15 (Figure 4.3.3b)) dental casting alloys 

elicited a loss o f cell membrane symmetry with associated cell shrinkage compared 

with the untreated control TR146 cells. Cell blebbing was not visually detected by 

light microscopy and it was not possible to visually discern between the cell 

morphologies induced by the two polished Ni-based (d.Sign®10 and d.Sign®15) dental 

casting alloys. Direct exposure of the C. dubliniensis-tTQSded polished Co-Cr
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(d.Sign®30) disc-shaped specimens at 48 h induced a loss of cell membrane symmetry 

with associated cell shrinkage leading to cell rounding compared with the untreated 

control TR146 cells (Figure 4.3.3c).

(a) (b)

(c)

9 0U

Figure 4.3.3 Visual assessment of >70% confluent TR146 cell monolayer structures 

incubated for 48 h under light microscopy following direct exposure to the C. 

dubliniensis-tTQated polished (a) d.Sign®10, (b) d.Sign®15 and (c) d.Sign®30 disc

shaped specimens.

Indirect Exposure 

S. mutans

Indirect exposure of the S. mutans-treated polished Ni-based d.Sign® 10 (Figure 

4.3.4a) and d.Sign®15 (Figure 4.3.4b) immersion solutions to the TR146 cells elicited 

a loss of cell membrane symmetry with associated cell shrinkage compared with the 

untreated control TR146 cells. Although the 14 day immersion solutions are shown
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(Figure 4.3.4) the cell morphology was similar for all immersion solutions 

investigated (1, 5, 9 and 14 day). Cell rounding leading to cell detachment was 

evident as well as cell blebbing for the TR146 cells following indirect exposure to the 

S. mutans-tTQatQd polished Ni-based alloy immersion solutions, although visual 

differences in the TR146 cell morphology with immersion duration were not observed 

for either o f the S. ww/am-treated polished Ni-based alloy immersion solutions. 

Indirect exposure of the S. mutans treated polished Co-Cr d.Sign®30 (Figure 4.3.4c) 

immersion solutions to the TR146 cells elicited a loss of symmetry with the 

associated cell shrinkage for the immersion durations investigated (1, 5, 9 and 14 

day), however, cell blebbing was not evident.

(a)

(c)

S«M

(b)

SitU

Figure 4.3.4 Visual assessment of >70% confluent TR146 cell monolayer structures 

incubated for 48 h using light microscopy following indirect exposure to the 14 day 

immersion solutions of the S. mw/am-treated polished (a) d.Sign®10, (b) d.Sign®15 

and (c) d.Sign®30 alloys.

182



C. albicans

Following indirect exposure to the TR146 cells, the C  albicans-XxtaAtd polished Ni- 

based (d.Sign® 10 and d,Sign®15) immersion solutions did not undergo a high level o f 

cell membrane loss o f symmetry and no visual alterations in cell morphology were 

apparent as the immersion duration increased from 1 day to 14 day (Figure 4.3.5a and 

4.3.5b, respectively). Indirect exposure o f  the C. albicans-ixQ2iXQ(i polished Co-Cr 

d.Sign 30 immersion solutions to the TR146 cells did not elicit morphological 

alterations and were visually similar to the untreated control TR146 cells for all 

immersion durations investigated (Figure 4.3.5d).

(a) (b)

Figure 4.3.5 Visual assessment o f  >70% confluent TR146 cell monolayer structures 

incubated for 48 h using light microscopy following indirect exposure to the 14 day 

immersion solutions o f  the C. albicans-irtsAQd polished (a) d.Sign®10, (b) d.Sign®15 

and (c) d.Sign®30 alloys.
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C. duhlin iensis

The C. dublmiensis-XxQdiXQdi polished d.Sign®10 and d.Sign®! 5 immersion solutions 

following indirect exposure to the TR146 cells for 48 h induced a loss of cell 

symmetry and associated cell shrinkage with cell blebbing evident for the 1, 5, 9 and 

14 day immersion solutions investigated (Figures 4.3.6a and 4.3.6b, respectively). The 

C. dubliniensis-XxQoXQdi polished d.Sign®30 immersion solutions following indirect 

exposure to the TR146 cells induced a loss of cell membrane symmetry with cell 

shrinkage and detachment, however, no cell blebbing was evident for the immersion 

solutions investigated (1, 5, 9 and 14 day) (Figure 4.3.6c).

Figure 4.3.6 Visual assessment of >70% confluent TR146 cell monolayer structures 

incubated for 48 h using light microscopy following indirect exposure to the 14 day 

immersion solutions o f the C. dublimensis-XxQ?A.ed polished (a) d. Sign® 10, (c) 

d.Sign® 15 and (c) d.Sign®30 alloys.
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Preliminary Remarks

• Direct exposure o f  the polished d.Sign®10, d.Sign®15 and d.Sign®30 

immersion solutions following pre-treatment with the oral microorganisms {S. 

mutans, C. albicans and C  dubliniensis) induced a loss o f cell membrane symmetry 

with associated cell shrinkage compared with the untreated control TR146 cells.

• Direct exposure o f the S. treated polished Ni-based immersion 

solutions induced cell blebbing in the TR146 cells at 48 h exposure.

• Indirect exposure o f  the S. mutans and C. dublmiensis-XrQdXQd polished Ni- 

based and Co-Cr alloy immersion solutions to the TR146 cells for 48 h elicited a loss 

o f cell membrane symmetry with cell shrinkage compared with the untreated control 

TR146 cells.

• Indirect exposure o f  the TR146 cells to the C  albicans-iXQdXed polished 

immersion solutions did not exhibit any alteration in normal TR146 cell morphology 

and the cells were visually similar to the untreated control TR146 cells.

• Increasing the immersion duration (1-14 day) o f the oral microorganism- 

treated polished Ni-based and Co-Cr alloy immersion solutions did not elicit an 

increase in the morphological alterations observed in the TR146 cells.

• Cell blebbing was evident in the TR146 cells following indirect exposure to 

the S. m utans and C. dubliniensis-XxQdXQd polished Ni-based (d.Sign®10 and 

d.Sign®15) immersion solutions (1, 5, 9 and 14 day) at 48 h.

185



Cell Density (without trypsinisation)

Direct Exposure

The TR146 cell density measurements for the untreated control TR146 cells or 

following direct exposure to the oral microorganism {S. mutans, C. albicans and C. 

dubliniensis)-Xrca\ed polished dental casting alloys (d.Sign® 10, d.Sign® 15 and 

d.Sign®30) are shown in Figure 4.3.7.
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(b)
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Figure 4.3.7 The TR146 cell density measurements (determined without trypsin 

using the trypan blue dye assay) for the untreated control TR146 cells (Control) and 

following direct exposure to the polished (a) d.Sign® 10, (b) d.Sign® 15 and (c) 

d.Sign®30 disc-shaped specimens pre-treated with the oral microorganisms S. mutans, 

C. albicans and C. dubliniensis for 2, 24, 48 and 72 h (exposure time).
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Linear and logarithmic regression analyses of the untreated control TR146 cells 

highlighted no significant linear decrease (P=0.0571) in TR146 cell density 

measurements as time increased from 2-72 h (Figure 4.2.6), however, a significant 

logarithmic decrease (P=0.0078) in cell density measurements was evident (Figure 

4.2.6) with increasing exposure time (Table 4.3.1 and 4.3.2, respectively). The linear 

and logarithmic regression analyses performed in this section are reported as Fitted 

lines within tables, however, the analyses are available in the Appendices.

d.Sign®10

Following direct exposure of the TR146 cells to the S. mutam-treated polished 

d.Sign® 10 disc-shaped specimens the cell density measurements were subjected to 

linear and logarithmic regression analyses. A significant linear (P=0.0002) and 

logarithmic (?<0.0001) decrease in the cell density measurements was shown with 

increasing exposure time (2-72 h). The regression analyses performed following direct 

exposure of the TR146 cells to the C. albicans-treated polished d.Sign® 10 disc-shaped 

specimens highlighted significant linear (P=0.0003) and logarithmic (P=0.0004) 

decreases in cell density measurements with increasing exposure time. The linear and 

logarithmic regression analyses following direct exposure of the TR146 cells to the C. 

dublimensis-pohshed d.Sign®10 disc-shaped specimens showed significant linear 

(P<0.0001) and logarithmic (P<0.0001) decreases in cell density measurements were 

evident with increasing exposure time from 2 to 72 h (Table 4.3.1 and 4.3.2, 

respectively).

d. Sign® 15

Regression analyses performed following direct exposure o f the TR146 cells to the S. 

mutans-treated polished d.Sign®15 alloys showed a significant linear (P=0.0010) and 

logarithmic (P<0.0001) decrease in cell density measurements as exposure time was 

increased. The linear and logarithmic regression analyses following direct exposure of 

the TR146 cells to C. albicans-treated polished d.Sign®15 disc-shaped specimens 

showed a significant linear (P<0.0001) and logarithmic (P<0.0001) decrease in cell 

density measurements with increasing exposure time. Additionally the regression 

analyses performed following direct exposure of the TR146 cells to the polished 

d.Sign® 15 alloys treated with C. dubliniensis highlighted a significant linear

188



(P<0.0001) and logarithmic (P<0.0001) decrease in cell density measurements as 

exposure time was increased (Table 4.3.1 and 4.3.2, respectively).

d.Sign®30

A significant linear (P<0.0001) and logarithmic (P<0.0001) loss o f  TR146 cell density 

measurements was detected following direct exposure o f the TR146 cells to the 

polished d.Sign®30 alloys treated with S. mutans as exposure time was increased from 

2 to 72 h. The linear and logarithmic regression analyses following direct exposure of 

the TR146 cells to the C. albicans-treatQd polished d.Sign®30 alloys highlighted a 

significant linear (P<0.0001) and logarithmic (P=0.0193) decrease in cell density 

measurements with increasing exposure time was evident. The C. dubliniensis-treated 

polished d.Sign®30 alloys additionally showed a significant linear (P<0.0001) and 

logarithmic (P=0.0001) decrease in cell density measurements with increasing 

exposure time (Table 4.3.1 and 4.3.2, respectively).
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Alloy Equation of the Line P value df

Control - y=62452.6x + 310422.1 0.3278 0.0517 10

S. mutans d. Sign® 10 y=-14374.8x + 49667.5 0.7592 0.0002 10

d.Sign®15 y=-14548.4x + 49306.5 0.6789 0.0010 10

d.Sign®30 y=-48959.6x + 210069.8 0.9065 <0.0001 10

C. albicans d.Sign®10 y=-16953x + 74701.5 0.7504 0.0003 10

d.Sign®15 y=-16344.6x + 64015.1 0.8247 <0.0001 10

d.Sign®30 y=10833.2x + 209569.6 0.4364 0.0193 10

C. dubliniensis d. Sign® 10 y=-13078.9 + 60138.1 0.9107 <0.0001 10

d.Sign®15 y=-11689.3x + 49565.3 0.9116 <0.0001 10

d.Sign®30 y=-18534.1x+ 171278.6 0.8071 <0.0001 10

Table 4.3.1 Comparison o f the linear regression analysis data (equation of the line, r ,̂ P values and df) for the cell density measurements 

(using the trypan blue dye assay without trypsin) for the untreated control TR146 cells and following direct exposure to the polished d.Sign®10, 

d.Sign® 15 and d.Sign®30 dental casting alloys pre-treated with the oral microorganisms S. mutans, C. albicans and C. dubliniensis at 2, 24, 48 

and 72 h (exposure time).



Alloy Equation of the Line ■ P value df

Control - y=169467.4In(x) + 331909.6 0.5234 0.0078 10

S. mutans d.Sign®10 y=-33665.4In(x) + 4077.9 0.9031 <0.0001 10

d.Sign®15 y=-34824.5In(x) + 40603.9 0.8435 <0.0001 10

d.Sign®30 y=-106808.1In(x)+ 172531.1 0.9355 <0.0001 10

C. albicans d.Sign®10 y=-35967.7In(x) + 60893.9 0.7324 0.0004 10

d.Sign® 15 y=-36659.5In(x) + 52279.8 0.8996 <0.0001 10

d.Sign®30 y=20384.5In(x) + 220456.9 0.3351 0.0486 10

C. dubliniensis d.Sign®10 y=-27101.3In(x) + 48973.1 0.8479 <0.0001 10

d.Sign® 15 y=-25585.1In(x) + 40670.2 0.9471 <0.0001 10

d.Sign®30 y=-40002.1In(x)+ 156725.8 0.8152 0.0001 10

Table 4.3.2 Comparison of the logarithmic regression analysis data (equation of the line, r ,̂ P values and df) for the cell density 

measurements (using the trypan blue dye assay without trypsin) for the untreated control TR146 cells and following direct exposure to the 

polished d.Sign®10, d.Sign®15 and d.Sign®30 dental casting alloys pre-treated with the oral microorganisms S. mutans, C. albicans and C. 

dubliniensis at 2, 24, 48 and 72 h (exposure time).



Statistical Analyses

A three-way ANOVA (oral microorganism x exposure time x dental casting alloy) of 

the pooled TR146 cell density measurements following direct exposure to the 

polished Ni-based (d.Sign® 10 and d.Sign®15) and Co-Cr (d.Sign®30) dental casting 

alloys treated with the oral microorganisms {S. mutans, C. albicans and C. 

dubliniensis) showed a significant decrease (P<0.0001) in TR146 cell density 

measurements was evident (Table 4.3.3). The Tukey’s post-hoc tests (Table 4.3.4) 

highlighted a significant decrease in TR146 cell density measurements for each dental 

casting alloy (d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 

(?<0.0001) compared with the untreated control TR146 cells. A significant decrease 

in TR146 cell density measurements was evident for the oral microorganisms {S. 

mutans (P<0.0001), C. albicans (P<0.0001) and C. dubliniensis (P<0.0001)) 

investigated compared with the untreated control TR146 cells.
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Betweeii-Siihiects Foctois

Value Label N
Time 1,00 2h 30

2.00 24h 30
3.00 48h 30
4.00 72h 30

Alloy 1 00 Control 12
2.00 dSignlO 36
3.00 d S lgnIS 36
4.00 dSlgnSO 36

Strain 1.00 Control 12
2,00 S, m utans 36
3.00 C. a lb icans 36
4,00 C.

dubllniensi
s

36

Tests of B0tween-Siil>iects Effects

D ependen t Variable; CellDenslty

Source
Type III Sum  
of S q u ares df M ean S quare F Sig.

Corrected Model 2 536E+12^ 39 6.503E+10 977.312 000
Intercept 2.311E+12 1 2,311E+12 34727,654 .000
Time 2.958E+10 3 9859832628 148.174 .000
Ailoy 3.344E+11 2 1,972E*11 2963,732 ,000
Strain 6 570E M 0 2 3 285E-*-10 493.651 000
Tim e *Alloy 1376560802 6 229426800.3 3.448 .004
T im e*  Strain 9229236804 6 15382Q6134 23.116 .000
Alloy* Strain 8.146E+10 4 2 0 3 6E + 10 306.029 .000
Time * Alloy* Strain 2 064E+10 12 1720410818 25.854 000
Error 5323396476 80 66642443.45
Total 3.854E+12 120
Corrected Total 2 542E+12 119

a. R S q u ared  = .998 (Adjusted R S q u ared  = .997)

Table 4.3.3 Three-way ANOVA o f the pooled TR146 cell density measurements 

determined without trypsin using the trypan blue dye exclusion assay for the untreated 

control TR146 cells and following direct exposure to the S. mutans, C. albicans and 

C. dubliniensis (Strain)-treated polished d.Sign®10, d.Sign®15 and d.Sign®30 (Alloy) 

disc-shaped specimens for 2, 24, 48 and 72 h (Time).
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MtiKipie Coiripdi isoiis

D ependentV anable : Ce llD ensity  

TukeyH SD _____________________

CD Alloy (J) A lloy

Mean
Difference

(I-J) Std. E ro r Sig,

85%  Confidence Inten^fal

Low er Bound U pper Bound
Control dS igm O 442057.61* 2719,118 000 434923 0154 449192.2068

dSign15 447743.39* 2719.118 .000 440608 7932 454877.9846

dSign30 316798.00* 2719.118 .000 309663 4043 323932.5957

dS ign lO  Control -442057,61* 2719,118 .000 -443192,2068 -434923.0154

dSigr»15 5685.7778* 1922.707 021 640 8568 10730.6988

dSign30 -125259,61* 1922,707 .000 -130304 5321 -120214 6901

dSign15 Control -447743,39* 2719.118 .000 -454877,9848 -440608.7932

dS igm O -5685.7778* 1922.707 .021 -10730.6988 -640.8568

dSign3D -130945.39* 1922.707 .000 -135990  3099 -125900.4679

dSign30 Control -316798,00* 2719,118 000 -3 2 39 32  5957 -309663,4043

d S ig m o 125259,61* 1922.707 .000 120214.6901 130304.5321

dSign16 130945.39* 1922.707 .000 125900-4679 135990.3099

B ased on observed m eans

* The m ean difference is  s ign ifican t at the 05 level.

Mitttipie Coti4)aiisons

D ependen tV anab le  CellD ensity 

TukeyH S D _____________________

(1) Strain (J) Strain

Mean
D ifference

Cl-J) Std Error Sig.

95%  Confidence  Interval

Lov/er Bound iJp pe rB o un d

Control S m utans 428441 53* 2719.118 ,000 421306.9321 435576 1235

C. a lb icans 369179 28* 2719,118 ,000 362044.6821 376313,8735

C. d ub lin ie ns is 408978.19* 2719 118 000 401843.5987 416112,7901

S m utans Control -428441 5 r 2719,118 .000 -435576,1235 -421306  9321

C. a lb icans -59262,250* 1922,707 .000 -64307.1710 -54217.3290

C. d ub lin ie ns is -19463 333* 1922 707 000 -24508.2543 -14418 4123

C a lb icans Control -369179 28* 2719 118 ,000 -376313,8735 -362044 6821

S ,m utans 59262,2500* 1922,707 .000 54217.3290 64307,1710

C. d ub lin iens is 39798,9167* 1922 7Q7 .000 34753,9957 44843 8377

C d ub lin iens is Control -408978 .19* 2 7 1 9 1 1 8 ,000 -416112.7901 -401843  5987

8  m utans 19463,3333* 1922,707 .000 14418.4123 24508.2543

C. a lb icans -39798 917* 1922 707 000 -44843,8377 -34753,9957

B ased on observed m eans.

*  The m ean diffe rence is s ign ifican t at the  .05 level

Table 4.3.4 Tukey’ s post-hoc test o f pooled cell density measurements for the 

untreated control TR146 cells (Control) and fo llow ing direct exposure to the oral 

microorganism (Strain)-treated polished dental casting alloys (A lloy).
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Indirect Exposure

The TR146 cell density measurements following indirect exposure to the 1, 5, 9 and 

14 day immersion solutions of the oral microorganism-treated polished d.Sign® 10, 

d.Sign® 15 and d.Sign®30 alloys at 2, 24, 48 and 72 h were investigated (Figures 4.3.8, 

4.3.9 and 4.3.10, respectively).
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Figure 4.3.8 The TR146 cell density measurements (determined without trypsin 

using the trypan blue dye assay) for the untreated control TR146 cells (Control) and 

following indirect exposure to the S. mutans-treated polished (a) d.Sign® 10, (b) 

d.Sign®15 and (c) d.Sign®30 immersion solutions of 1, 5, 9 and 14 day immersion 

duration for 2, 24, 48 and 72 h (exposure time).
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Figure 4.3.9 The TR146 cell density measurements (determined without trypsin 

using the trypan blue dye assay) for the untreated control TR146 cells (Control) and 

fo llow ing indirect exposure to the C. a/Z^/cara-treated polished (a) d.Sign® 10, (b) 

d.Sign®15 and (c) d.Sign®30 immersion solutions o f  1, 5, 9 and 14 day immersion 

duration for 2, 24, 48 and 72 h (exposure time).
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Figure 4.3.10 The TR146 cell density measurements (determined without trypsin 

using the trypan blue dye assay) for the untreated control TR146 cells (Control) and 

following indirect exposure to the C. dubliniensis-XrQaiQd polished (a) d.Sign®10, (b) 

d.Sign® 15 and (c) d.Sign®30 immersion solutions o f 1, 5, 9 and 14 day immersion 

duration for 2, 24, 48 and 72 h (exposure time).

A linear regression analysis o f the untreated control TR146 cells showed no 

significant decrease (P=0.5170) in the TR146 cell density measurements as incubation 

time increased from 2-72 h (Table 4.3.5). However, the logarithmic regression 

analysis highlighted a significant decrease (P=0.0078) in the TR146 cell density 

measurements with increasing incubation time from 2 to 72 h (Table 4.3.6).
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d.Sign® 10

Following indirect exposure o f the TR146 cells to the S. mutans-treattd  1, 5, 9 and 14 

day immersion solutions o f the polished d.Sign® 10 alloys, significant linear 

(P<0.0070) and logarithmic (P<0.0082) decreases in cell density with increasing 

exposure times (2-72 h) were detected. The C. albicans-treated immersion solutions 

o f  the polished d.Sign® 10 alloys o f 1, 5 and 14 day duration induced significant linear 

decreases (P<0.0056) in the TR146 cell density measurements, but not (P=0.3940) for 

the 9 day immersion solution. The logarithmic analyses identified only the 14 day 

immersion solution elicited a significant decrease (P<0.0001) in the cell density 

measurements compared with the 1,5  and 9 day immersion solutions (P<0.7407). The 

polished d.Sign® 10 immersion solutions treated with C. dubliniensis highlighted 

significant linear (P<0.0001) and logarithmic (P<0.0001) decreases in the cell density 

measurements with the 9 and 14 day immersion solutions compared with the 1 and 5 

day immersion solutions (linear (P=0.7690) and logarithmic (P=0.6835), respectively) 

(Table 4.3.5 and Table 4.3.6, respectively).
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Day Equation of the Line P value df

Control - y=62452.6x + 310422.1 0.3278 0.0517 10

S. mutans 1 y=-8501.7x + 266129.1 0.5331 0.0070 10

5 y=-50195.3x + 338810.1 0.7181 0.0005 10

9 y=-31614.3x + 200180.5 0.6195 0.0024 10

14 y=-52544.7x + 208649.8 0.9536 <0.0001 10

C. albicans 1 y=68239.4x + 234938.1 0.5528 0.0056 10

5 y=-1530.7x + 286378.8 0.9509 0.0004 10

9 y=-14308.9x + 239359.1 0.0735 0.3940 10

14 y=-30459.7x+ 127352.1 0.9701 <0.0001 10

C. dubliniensis 1 y=4397.4x + 227321.6 0.0091 0.7690 10

5 y=-7013.5x+ 197291.1 0.0173 0.6835 10

9 y=-27235.7x+ 137071.8 0.8371 <0.0001 10

14 y=-25584.5x+ 108058.6 0.9449 <0.0001 10

2
Table 4.3.5 Comparison of the linear regression analysis data (equation of the line, r , P values and df) for the cell density measurements 

(using the trypan blue dye assay without trypsin) for the untreated control TR146 cells and following indirect exposure to the 1, 5, 9 and 14 day 

immersion solutions of the polished d.Sign® 10 alloy pre-treated with the oral microorganisms S. mutans, C. albicans and C. dubliniensis at 2, 24, 

48 and 72 h (exposure time).



1 t  VitlUC U1

Control - y=169467.3In(x) + 331909.5 0.5234 0.0078 10

S. mutans 1 y=-318018.6In(x) + 259190.7 0.5192 0.0082 10

5 y=-93881.5(In)x + 287911.8 0.5447 0.0061 10

9 y=-76844.6(In)x+ 182198.8 0.7937 0.0001 10

14 y=-114612.7(In)x+ 168349.4 0.9838 <0.0001 10

C. albicans 1 y=169632.3(In)x + 270761.4 0.7407 0.7407 10

5 y=28525.2(In)x + 259888.3 0.0300 0.5904 10

9 y=-10704.6(In)x + 212091.7 0.0089 0.7703 10

14 y=-62765.1(In)x+ 101070.5 0.8931 <0.0001 10

C. dubliniensis 1 y=28187.6(In)x + 215919.7 0.0803 0.3719 10

5 y=6901.5(In)x+ 174273.7 0.0036 0.8523 10

9 y=-52352.4(In)x+ 110577.3 0.6707 0.0011 10

14 y=-55908.3(In)x + 88517.3 0.9784 <0.0001 10

Table 4.3.6 Comparison of the logarithmic regression analysis data (equation of the line, r ,̂ P values and df) for the cell density 

measurements (using the trypan blue dye assay without trypsin) for the untreated control TR146 cells and following indirect exposure to the 1, 5, 

9 and 14 day immersion solutions o f the polished d.Sign®10 alloy pre-treated with the oral microorganisms S. mutans, C. albicans and C. 

dubliniensis at 2, 24, 48 and 72 h (exposure time).



The pooled TRI46 cell density measurements following indirect exposure of the 

TR146 cells to the oral microorganism treated-polished d.Sign® 10 immersion 

solutions were investigated using linear and logarithmic regression analyses to 

determine the effect of increasing alloy immersion duration on the TR146 cell density 

measurements. Increasing the immersion duration from 1 to 14 days of the S. mutans, 

C. albicans  and C. dubliniensis-\YQa\Qd d.Sign® 10 immersion solutions elicited 

significant linear (P<0.0001, P<0.0001 and P<0.0001, respectively) and logarithmic 

(?<0.0001, P<0.0001 and P<0.0001, respectively) decreases in cell density 

measurements.

d.Sign®15

The TR146 cells following indirect exposure of the 5 day (P<0.0001 and P<0.0001, 

respectively) and 14 day (P=0.0002 and P<0.0001, respectively) immersion solutions 

for the S. mw/o«5-treated polished d.Sign®15 alloy showed significant linear and 

logarithmic decreases in TR146 cell density measurements were evident with 

increasing exposure time (2-72 h). However, no significant linear or logarithmic 

decreases in cell density measurements were evident for the 1 day (P=0.1499 and 

P=0.3253, respectively) and 14 day (P=0.2096 and P=0.1504, respectively) immersion 

solutions. The C. a/Z)/cam-treated polished d.Sign® 15 immersion solutions 

highlighted significant linear decreases in cell density measurements for the 9 day 

(P=0.0183) and 14 day (P<0.0001) immersion solutions with increasing exposure 

time, however, no loss o f cell density measurements was evident for the 1 day 

(P=0.3665) and 5 day (P=0.8698) immersion solutions. A significant logarithmic 

decrease (P<0.0001) in cell density measurements was only observed for the 14 day 

immersion solution compared with the 1, 5 and 9 day immersion solutions 

(P<0.6860). The 1, 5, 9 and 14 day immersion solutions of C. dubliniensis-XrQdiiQd 

polished d.Sign®15 alloy induced significant linear (P<0.0001) and logarithmic 

(P=0.0004) decreases in TR146 cell density measurements with increasing exposure 

time (2-72 h) (Table 4.3.7 and Table 4.3.8, respectively).

Linear and logarithmic regression analyses were used to determine the effect of 

increasing immersion duration (1-14 day) of the oral microorganism treated-polished 

d.Sign®15 immersion solutions on the TR146 cell density measurements. S. mutans, 

C. albicans and C. dubliniensis-Xxczitd d.Sign® 15 immersion solutions elicited
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significantly decreased (P<0.0001, P<0.0001 and P<0.0001, respectively) levels of 

TR146 cell density measurements with increasing immersion duration from 1 to 14 

days.
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Day Equation of the Line P value df

S. mutans 1 y=-30843.8x+ 186015.6 0.1956 0.1499 10

5 y=-25682.5x + 212265.5 0.8659 <0.0001 10

9 y=8988.8x + 29811.8 0.0966 0.3253 10

14 y=-24216.4x + 93907.1 0.9456 <0.0001 10

C. albicans 1 y=16049.9x+ 170657.6 0.0821 0.3665 10

5 y=-2078.2x + 201585.6 0.0028 0.8698 10

9 y=-22296.9x+ 182025.6 0.4420 0.0183 10

14 y=-18282.6x + 78842.3 0.9881 <0.0001 10

C. dubliniensis 1 y=-17009.7x+ 121439.5 0.8748 <0.0001 10

5 y=-18837.1x+ 116075.1 0.9450 <0.0001 10

9 y=-19414.2x+ 120849.5 0.8832 <0.0001 10

14 y=-12529.5x + 5206.5 0.9782 <0.0001 10

• • 2Table 4.3.7 Comparison of the linear regression analysis data (equation of the line, r , P values and df) for the cell density measurements 

(using the trypan blue dye assay without trypsin) for the untreated control TR146 cells and following indirect exposure to the 1, 5, 9 and 14 day 

immersion solutions of the polished d.Sign®15 alloy pre-treated with the oral microorganisms S. mutans, C. albicans and C  dubliniensis at 2, 24, 

48 and 72 h (exposure time).



Day Equation of the Line P value df

S. mutans 1 y=-58457.11n(x)+ 155351.2 0.1524 0.2096 10

5 y=-52023.5(In)x+ 189392.6 0.7704 0.0002 10

9 y=27431.5(In)x + 30489.1 0.1952 0.1504 10

14 y=-52720.1(In)x + 75252.9 0.9718 <0.0001 10

C. albicans 1 y=55762.1(In)x+ 166478.9 0.2149 0.1290 10

5 y=10973.1(ln)x+ 187671.7 0.0170 0.6860 10

9 y=-39085.1(In)x+ 157336.9 0.2945 0.0683 10

14 y=-39014.9(ln)x + 64154.3 0.9770 <0.0001 10

C. dubliniensis 1 y=-33341.2(ln)x+ 105405.2 0.7288 0.0004 10

5 y=-40420.4(In)x + 101097.1 0.9435 <0.0001 10

9 y=-39289.5(In)x+ 103530.1 0.7844 0.0001 10

14 y=-26603.7(ln)x + 41875.7 0.9563 <0.0001 10

Table 4.3.8 Comparison o f the logarithmic regression analysis data (equation of the line, r ,̂ P values and df) for the cell density 

measurements (using the trypan blue dye assay without trypsin) for the untreated control TR146 cells and following indirect exposure to the 1, 5, 

9 and 14 day immersion solutions of the polished d.Sign®15 alloy pre-treated with the oral microorganisms S. mutans, C. albicans and C. 

dubliniensis at 2, 24, 48 and 72 h (exposure time).



d.Sign®30

Indirect exposure of the TR146 cells to the S. mutans-iTeaied 1, 5, 9 and 14 day 

immersion solutions of the polished d.Sign®30 alloy showed a significant linear 

(P<0.0007) and logarithmic (P<0.0033) decrease in cell density measurements with 

increasing exposure time (2-72 h). The C. alb ican s-trea ted  polished d.Sign®30 

immersion solutions of 1, 5 and 9 day immersion duration did not elicit a significant 

linear decrease (P<0.7824) in cell density measurements with the exception of the 14 

day immersion solution (P=0.0366). Logarithmic regression analyses highlighted only 

the 1 day immersion solution o f the C. albicans-iTQated polished d.Sign®30 alloy 

elicited a significant decrease (P=0.0472) in cell density measurements compared 

with the 5, 9 and 14 day immersion solutions (P<0.7935). The 1, 5, 9 and 14 day 

immersion solution of the polished d.Sign®30 alloy treated with C. dublin ien sis  

showed no significant linear decrease (P<0.9151) in cell density measurements as the 

exposure time increased from 2 to 72 h. The 1 day immersion solution of the C. 

dubliniensis-ixQaXQd d.Sign®30 alloy elicited a significant logarithmic decrease 

(P=^0.0415) in TR146 cell density measurements, but not for the 5 day (P=0.8431), 9 

day (P=0.3946) and 14 day (P=0.0684) immersion solutions (Table 4.3.9 and Table 

4.3.10, respectively)

The effect of increasing the immersion duration (1-14 day) of the oral microorganism- 

treated polished d.Sign®30 immersion solutions on the TR146 cell density 

measurements were investigated using linear and logarithmic regression analyses. The 

1 day to 14 day immersion solutions of the S. mutans-XxQaXtd d.Sign®30 alloy elicited 

significant linear (P=0.0005) and logarithmic (P=0.0000) decreases on TR146 cell 

density measurements. Significant decreases in TR146 cell density measurements 

(linear (P<0.0001) and logarithmic (P<0.0001)) were observed following indirect 

exposure of the TR146 cells to the increasing immersion duration of the C. 

dubliniensis-\XQa\Qd d.Sign®30 immersion solutions. The C. albicans-irQaiQd 

d.Sign®30 immersion solutions showed significant linear and logarithmic (P<0.0001 

and P<0.0001, respectively) decreases in TR146 cell density measurements as 

immersion duration increased (1-14 day).
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Day Equation of the Line P value df

S. mutans 1 y=-41691.7x + 272305.1 0.7953 0.0001 10

5 y=-38234.9x + 245924.5 0.7013 0.0007 10

9 y=-35141.3x + 220889.5 0.7755 0.0002 10

14 y=-17938.4x+ 145199.6 0.7747 0.0002 10

C. albicans 1 y=35372.5x + 288272.3 0.1693 0.1838 10

5 y=27771.6x + 212173.5 0.1352 0.2395 10

9 y=-4335.1x+ 180166.1 0.0079 0.7824 10

14 y=-24604.8x+ 164547.3 0.3678 0.0366 10

C. dubliniensis 1 y=2172.0x + 217449.8 0.1933 0.1527 10

5 y=-617.2x+ 144437.5 0.0011 0.9151 10

9 y=-11000.1x+ 138821.0 0.1898 0.1568 10

14 y=-9527.0x + 63221.3 0.0592 0.4459 10

Table 4.3.9 Comparison o f the linear regression analysis data (equation of the line, r ,̂ P values and df) for the cell density (using the trypan 

blue dye assay without trypsin) for the untreated control TR146 cells and following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions of the polished d.Sign®30 alloy pre-treated with the oral microorganisms S. mutans, C. albicans and C. dubliniensis at 2, 24, 48 and 72 

h (exposure time).



Day Equation of the Line P value df

S. mutans 1 y=-95702.91In(x) + 244112.8 0.9087 <0.0001 10

5 y=-91077.1(In)x + 222699.1 0.8629 <0.0001 10

9 y=-81809.7(In)x+ 198035.1 0.9114 <0.0001 10

14 y=-33747.1(In)x+ 127166.5 0.5945 0.0033 10

C. albicans 1 y-107420.7(In)x + 291356.4 0.3386 0.0472 10

5 y=87715.5(In)x + 211911.3 0.2926 0.0693 10

9 y=8823.5(In)x+ 162318.1 0.0071 0.7935 10

14 y=-39448.4(In)x+ 134377.5 0.2049 0.1395 10

C. dubliniensis 1 y=61484.7(In)x + 221529.3 0.3535 0.0415 10

5 y=2459.0(In)x+ 140940.7 0.0041 0.8431 10

9 y=-14681.5(In)x+ 122985.3 0.0733 0.3946 10

14 y=-21986.8(In)x + 56872.5 0.0684 0.0684 10

• • 2Table 4.3.10 Comparison of the logarithmic regression analysis data (equation of the line, r ,  P values and df) for the cell density 

measurements (using the trypan blue dye assay without trypsin) for the untreated control TR146 cells and following indirect exposure o f to the 1, 

5, 9 and 14 day immersion solutions of the polished d.Sign®30 alloy pre-treated with the oral microorganisms S. mutans, C. albicans and C. 

dubliniensis at 2, 24, 48 and 72 h (exposure time).



Statistical Analyses

A four-way ANOVA (dental casting alloy x exposure time x immersion duration x 

oral microorganism) of the pooled TR146 cell density measurements following direct 

exposure of the polished d.Sign® 10, d.Sign® 15 and d.Sign®30 immersion solutions 

with increasing exposure time (2, 24, 48 and 72 h), increasing immersion duration (1, 

5, 9 and 14 day) and the oral microorganisms {S. mutans, C. albicans and C. 

dubliniensis) highlighted a significant decrease (P<0.0001) in TR146 cell density 

measurements was evident for all factors (Table 4.3.11). The Tukey’s post-hoc tests 

(Table 4.1.12) showed the oral microorganism-treated d.Sign®10 (P<0.0001), 

d.Sign®15 (P<0.0001) and d.Sign®30 (?<0.0001) immersion solutions elicited 

significant decreases on TR146 cell density measurements compared with the 

untreated control TR146 cells. The immersion solutions treated with S. mutans 

(P<0.0001), C. albicans (P<0.0001) and C. dubliniensis (P<0.0001) elicited 

significant decreases on TR146 cell density measurements compared with the 

untreated control TR146 cells. A comparison of exposure methods (direct and 

indirect) highlighted a significant decrease (P<0.0001) in the TR164 cell density 

measurements following direct exposure to the treated dental casting alloys compared 

with indirect exposure to the treated alloy immersion solutions was evident using a 

student’s t-test analysis (Table 4.3.13).
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Between-Subjects Factors

Value Label N
AJioy 1.0U Control 12

2 0 0 d SignlO 144
3 0 0 d.S ignl 5 144

4 00 d.SignSO 144
Time 1.00 2h 111

2.00 24h 111
3,00 48h 111
4.00 72h 111

Day 1.00 Oday 12
2 0 0 Id ay 108
3.00 5day 108

4.00 9day 108
5.00 14day 108

Strain 1 00 Control 12
2,00 8.m u tan s 144

3,00 c.a lb icans 144

4.00 c.
dublinlensi
s

144

Tests of Between-Sublects Effects

D ependen t Variable. CeH Densit/

Source
Type HI Sum  
of S q u a res df Mean S quare F Sig

Corrected Model 6.257E+12^ 147 4.257E-*-10 112.360 .000

Intercept 1 .084E M 3 1 1 084E+13 28620.147 .000

Alloy 5 906E+11 2 2 953EM 1 779 509 ,000

Time 2,957E+11 3 9 .8 5 8 E H 0 260,224 .000

Day 1 955E+12 3 6.518E+11 1720.580 .000

Strain 6.862E^11 2 3 426E-^11 904,337 ,000

A lloy 'T im e 1 574E-^10 6 2622840345 6,923 000

Alloy* Day 2,198E+11 6 3.664E+10 95.706 .000
T im e* Day 1.373E*11 9 1.525E+10 40,261 ,000
Alloy*Time * Day 7.972E+10 18 4428743999 11,690 ,000

Alloy* Strain 2 669E*10 4 6671374792 17 610 ,000
Tim e* Strain 2.800E+11 6 4.667E+10 123.202 ,000
Alloy*Time * Strain 7129E+1Q 12 5940784907 15.682 .000
Day* Strain 2 786E+11 6 4 643E+10 122.556 000

Alloy* D a y ' Strain 1 180E+11 12 9832663594 25.955 ,000
T im e* Day* Strain 1 126E+11 18 6255738531 16.513 ,000
Alloy * Tim e * Day * Strain 6 089E+10 36 1691321275 4,464 .000
Error 1,121E+11 296 378838822,3
Total 1 726E+13 444
C orrected Total 6 3 6 9E + 12 443

a, R S q u ared  = .982 (Adjusted R S q u ared  = .874)

Table 4.3.11 Four-way ANOVA o f the pooled TR146 cell density measurements 

determined without trypsin using the trypan blue dye assay for the untreated control 

TR146 cells and following indirect exposure to the polished d.Sign®10, d.Sign®15 and 

d.Sign®30 immersion solutions (Alloy) pre-treated with the oral microorganisms (S. 

mutans, C. albicans and C. dubliniensis) (Strain) with 1, 5, 9 and 14 day immersion 

solutions (Day) for 2, 24, 48 and 72 h (Time).
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Mtittiple C o in p ariso iis

D ep en d en t Variable: CeliDensitv
Tukey HSD_______________________________________________

(I) Alloy (J) Alloy

Mean
Difference

0-J) Std Error Sig.
95%  Confidence Interval

Lower Bound U pper Bound
Control d.SignlO 288998.68* 5848.139 ,000 273888,9358 304108.4253

d .S ignIS 370707 22* 5848.139 000 355597,4705 385816,9600
d Sign30 296014 44* 5848 139 .000 280904 6928 311124 1822

d.SignlO  Control -288998  68* 5848,139 ,000 -304108,4253 -273888.9358
d .S lg n l5 81708 5347* 2293.829 ,000 75782,0052 87635,0642
dSignSO 7015 7569* 2293 829 .013 1089,2275 12942,2864

d.Sign15 Control -370707 22* 5848,139 ,000 -385816,9600 -355597,4705
d.SignlO -81708,535* 2293.829 .000 -87635,0642 -75782.0052
d,Sign30 -74692.778* 2293,829 ,000 -80619,3073 -68766  2483

d Sign30 Control -296014 44* 6 8 4 8 1 3 9 ,000 -311124 1822 -280904,6928
d.SignlO -7015.7569* 2293,829 .013 -12942.2864 -1089,2275
d .S ig n l5 74692.7778* 2293.829 .000 68766,2483 80619.3073

B a se d  on o bserved  m ea n s .

* The m ea n  difference is  significant a t the .05 level.

Munii>ie C oiiiptifisoiis

D ependentV ariab le: CetlOensity 
Tukey HSD_____________________

(1) Strain (J) Strain

M ean
Difference

(1-J) Std, Error Sig
95%  Confidence Interval

Lower Bound U pper Bound
Control s m utans 337299.74* 5848,139 ,000 322189.9983 352409,4878

c alt}icans 263208.69* 5 8 4 8 1 3 9 ,000 248098 9497 278318 4392
c dublin iensis 355211 90* 5 8 4 8 1 3 9 ,000 340102,1511 370321,6406

s ,m u tan s Control -337299,74* 5 8 4 8 1 3 9 ,000 -352409,4878 -322189,9983
c ,albicans -74091,049* 2293,829 ,000 -80017.5781 -68164,5191
c dublin iensis 17912 1528* 2293 829 ,000 11985 6233 23838 6823

c.a lb icans Control -2632 0 8 6 9 * 5848,139 ,000 -278318,4392 -248098,9497
s.m u tan s 74091 0486* 2293.829 ,000 68164,5191 80017,5781
c,dublin iensis 92003,2014* 2293.829 ,000 86076,6719 97929,7309

t  dutjiiniensls Control -355211 90* 5 8 4 3 1 3 9 .000 -370321,6406 -340102,1511
s .m u tan s -1 7 9 1 2 1 5 3 * 2293.829 000 -23838.6823 -11985.6233
c.albicans -92003,201* 2293.829 ,000 -97929.7309 -86076.6719

B ased  on o bserved  m ean s.

’  The m ean  difference is significant at the 05 level

Table 4.3.12 Tukey’s post-hoc tests o f  the pooled TR146 cell density measurements 

without trypsin using the trypan blue dye exclusion assay for the untreated control 

TR146 cells (Control) and following indirect exposure to the polished S. mutans, C. 

albicans and C. dubliniensis oral microorganism (Strain)-treated d.Sign®10, 

d.Sign®15 and d.Sign®30 immersion solutions (Alloy)
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OiieS<iiti{>le Stiitistics

N Mean Std Deviation
Std Error 

M ean
CellDensitjf 540 127530,8 106732.86544 4593.051

O iie-S ivnpie Test

T est Value = 0

t df S ia,(2-talted)
Mean

Difference

95% Confidence 
Interval of the 

Difference

Lower U pper
CellDensity 27.766 539 000 137530.83 118508,4 136553,3

Table 4.3.13 A student’s t-test comparison o f direct and indirect exposure methods 

o f the pooled cell density measurements for the TR146 cells treated with the oral 

microorganism-treated polished dental casting alloys for 2 to 72 h.

Preliminary Remarks
• (§)

• Direct exposure o f the oral microorganism-treated polished d.Sign 10 

(P<0.0001), d.Sign®!5 (P<0.0001) and d.Sign®30 (P<0.0001) immersion solutions 

elicited significant decreases in the TR146 cell density measurements compared with 

the untreated control TR146 cells as exposure time was increased from 2 to 72 h.

• S. mutans, C. albicans and C. dubliniensis oral microorganisms used to pre

treat the immersion solutions elicited significant decreases (P<0.0001, P<0.0001 and 

P<0.0001, respectively) in the cell density measurements compared with the untreated 

control TR146 cells following direct exposure over 72 h exposure.

• Indirect exposure o f the S. mutans, C. albicans and C. dubliniensis oral 

microorganisms to the TR146 cells using the 1, 5, 9 and 14 day immersion solutions 

specific for each dental casting alloy elicited significant decreases (P<0.0001) in the 

TR146 cell density measurements compared with the untreated control TR146 with 

increasing exposure time.

• Significant linear and logarithmic decreases in TR146 cell density 

measurements were observed for the oral microorganism-treated polished d.Sign®!0 

(P<0.0001 and P<0.0001, respectively), d.Sign®15 (P<0.0001 and P<0.0005, 

respectively) and d.Sign®30 (P<0.0005 and P<0.0009, respectively) immersion 

solutions as the immersion duration increased from 1 to 14 days.
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• A significant increase (P<0.0001) in the loss o f  TR146 cell density 

measurements was highlighted following direct exposure to the treated dental casting 

alloys compared with indirect exposure to the treated alloy immersion solutions.

Expression o f  Inflammatory Cytokines

The expression o f  the inflammatory cytokines IL -la , IL-8, PGE2 and T N F-a by the 

TR146 cells were assessed using ELISAs in accordance with Section 3.9 for the oral 

microorganisms (S. mutans, C. albicans and C. dubliniensis)-txQdXQd polished Ni- 

based and Co-Cr dental casting alloys following direct exposure to the oral 

microorganism-treated dental casting alloys and indirect exposure to the oral 

microorganism-treated alloy immersion solutions at 24 h.
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IL-la

The boxplot analyses highlighted the low levels o f the IL -la  inflammatory cytokine 

expressed by the untreated control TR146 cells and following exposure (direct and 

indirect) at 24 h to the polished d.Sign®30 dental casting alloy pre-treated with S. 

mutans (Figure 4.3.11), C. albicans (Figure 4.3.12) and C. dubliniensis (Figure 

4.3.13). Additionally, high levels of the IL -la  cytokine were expressed by the TR146 

cells following exposure to the polished d.Sign®10 and d.Sign®15 dental casting alloy 

pre-treated with S. mutans, C. albicans and C. dubliniensis (Figure 4.3.11, 4.3.12 and 

4.3.13, respectively).

400 .0 0 -

- I  200 ,0 0 -

100 .00 -

0 .00 -

C ontid

Sample

Figure 4.3.11 Boxplot analysis of IL -la  inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens 

pre-treated with S. mutans at 24 h.
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Figure 4.3.12 Boxplot analysis of IL -la  inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure of the polished d,Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens 

pre-treated with C. albicans at 24 h.
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Figure 4.3.13 Boxplot analysis o f  IL - la  inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f  the polished d. Sign® 10, d.Sign® 15 and d.Sign®30 disc-shaped specimens 

pre-treated with C. duhliniensis at 24 h.

Statistical Analyses

A three way ANOVA (Table 4.3.14) o f  the expression o f the IL - la  inflammatory 

cytokine data (alloy type x exposure method x oral microorganism) highlighted a 

significant increase (P=0.0230) in cytokine expression from the TR146 cells. The 

Tukey’s post-hoc tests (Table 4.3.15) showed a significant increase (P<0.0001) in IL- 

l a  expression by the TR146 cells was induced by S. mutans (P<0.0001), C. albicans 

(?<0.0001) and C. duhliniensis (P<0.0001) compared with the untreated control 

TR146 cells. Additionally, the polished oral microorganism treated -d.Sign 10, 

d. Sign® 15 and d.Sign®30 dental casting alloys induced significant levels (P<0.0001, 

P<0.0001 and P<0.0001, respectively) o f IL - la  expression compared with the 

untreated control TR146 cells. A student’s-t-test comparison o f the pooled IL - la  

inflammatory cytokine expression results for the exposure methods highlighted a
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significant increase (P=0.0230) for direct exposure compared w ith indirect exposure 

(Table 4.3.16).

Betweeii-S<ii>)ects Factors

Value Label N
Alloy 1.00 Control 6

2,00 d.Sign 10 18

3,00 d Sign 15 IS

4,00 d Sign 30 18
Exposure 1,00 Direct 30

2.00 Indirect 30

Strain 1.00 Control 6
2.00 s.m utans 18
3.00 c a lb icans 18

4.00 c
dub lin lens i
s

18

Tests of BeTween-Siii)jects Effects

Dependent V ariab le  IL I

Source
Type III Sum 
o f S quares df Mean Square F Sig,

Corrected Model 721839.513^ 19 37991.553 439 547 ,000
Intercept 1013599.827 1 1013599.827 11726951 .000

Alloy 478785 280 2 233392,640 2769 679 ,000

Exposure 25548.159 1 25548,159 2 9 5 5 8 2 .000

Strain 59913.671 2 29956.835 346 589 .000

A ilo y *  Exposure 16030,891 2 8015,446 92 736 .000

A llo y *  Strain 8863,997 4 2220,999 25 696 000

E xpo su re '  Strain 1879,289 2 939.644 10871 .000

Alloy *  Exposure *  Strain 1107 842 4 276,960 3.204 ,023

En’or 3457,334 40 86 433

Tola l 2133575,592 60

Corrected Total 725296.848 59

a R Squared = .995 (Adjusted R Squared = 993)

Table 4.3.14 Three-way A N O V A  o f the pooled IL - la  inflammatory cytokine 

expression results for the TR146 cells fo llow ing direct and indirect exposure 

(Exposure) to the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped 

specimens (A lloy) pre-treated w ith the oral microorganisms (Strain) at 24 h.
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MiiRipi« CoiiH)aitsoiis

D ependen t Vahatiie: !Li 
TukeyHSD____________

(1) stra in (J) Strain

Mean
Difference

(l-J) Std. Error Sig.

95%  Confidence Interval

Lower Bound U pper Bound
Control s.m u tan s -188.2756* 4 38263 ,000 -200.0228 -176,5283

c alb icans -107.1622* 4,38263 .000 -118,9095 -95 4149
c dublin iensis -140.0850* 4.38263 ,000 -161,8323 -128 3377

s.m u tan s Control 188,2756* 4 38263 ,000 176,5283 200.0228
c.albicans 61.1133* 3,09898 000 72,8068 89,4199
c.dublin iensis 48.1906* 3,09698 000 39,8840 56 4971

c.a lb icans Control 107 1622* 4 38263 .000 95.4149 118.9095
s.m u tan s -81.1133* 3,09898 000 -89.4199 -72.8068
c.dublin iensis -32 9226* 3 09898 ,000 -41.2294 -24,6162

c dubllntensis Control 140 0850* 4,38263 .000 128.3377 161.8323
s.m u tan s -48,1906* 3.09898 ,000 -56.4971 -39.8840
c.albicans 32.3228* 3 09898 000 24.6162 41,2294

B a se d  on obsefv ed  m ean s .

* The m ean  difference is significant at the .06 level.

D ep en d en t Variable. IL1 
Tukey HSD____________

(1) Alloy (J) Alloy

M ean
Difference

(I'J) Std. Error Sig

95%  Confidence Interval
Lower Bound U pper Bound

Control d.Sign 10 -135.3739* 4,38263 ,000 -147,1212 -123.6266
d-Sign 15 -265.0856* 4 38263 000 -276,8328 -253,3383
d Sign 30 -35 0633* 4 38263 ODD •46.8106 -23 3161

d.Sign 10 Control 135,3739* 4.38263 .000 123.6266 147.1212
d.Sign 15 -129.7117* 3.09898 000 -138,0182 -121.4051
d.Sign 30 100 3106* 3.09898 000 92.0Q40 108 6171

d Sign 16 Control 265.0856* 4 38263 ,000 253.3383 276,8328
d.Sign 10 129.7117* 3.09898 000 121,4051 138.0182
d Sign 30 230 0222* 3.09898 000 221 7156 238 3288

d Sign 30 Control 35 0633* 4,38263 000 23,3161 46,8106
d.Sign 10 -100.3106* 3.09898 000 -108.6171 -92 0040
d.Sign 16 -230.0222* 3 09898 000 -238,3288 -221 7156

B a se d  on observed  m e a n s

* The m ea n  ditTerence is  significant at the .06 level-

Table 4.3.15 Tukey’s post-hoc test o f the pooled IL -la cytokine expression results 

by the TR146 cells for the untreated control (Control) and the oral microorganism 

(Strain)-treated polished dental casting alloys (Alloy).
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Sl<itistks

Exposure N Mean Std. Deviation
Std Error 

Mean
IL1 Direct 30 178.0770 125.24309 22 86615

Indirect 30 128.3300 89.69033 16.37514

tii(te|>eiMletirt S4Hii|>t«s Test

Levene's Test for 
Equality o fV anances t*testfor Equality of M eans

95% Confidence 
Interval of the 

Difference
F Sig. t df Sig. (2-tailed) Difference Difference Lower Upper

IL1 Equal variances 
a ssu m e d 5.484 023 1 769 58 .082 49.74700 28.12483 -6.55097 106.04497

Equal variances 
not a s su m e d 1 769 52 551 .083 49.74700 28.12483 -6.67553 1 0 6 16953

Table 4.3.16 A student’s-t-test comparison o f the pooled IL -la inflammatory 

cytokine expression results using a critical significance level o f  P=0.0500 for direct 

and indirect exposure methods (Exposure).
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lL-8

Low levels of the IL-8 inflammatory cytokine were expressed by the untreated control 

TR146 cells and following exposure to the polished oral microorganism-treated 

d.Sign®30 dental casting alloy. The S. mutans, C. albicans and C  dubliniensis-tieaied 

polished d. Sign® 10 and d. Sign® 15 disc-shaped specimens expressed high levels of the 

cytokine, which was highlighted using boxplot analyses (Figure 4.3.14, 4.3.15 and 

4.3.16, respectively).
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Figure 4.3.14 Boxplot analysis o f IL-8 inflammatory cytokine expression (in pg/mL) 

from the untreated control TR146 cells and following direct and indirect exposure of 

the polished d.Sign® 10, d. Sign® 15 and d.Sign®30 disc-shaped specimens pre-treated 

with S. mutans at 24 h.

I l l



2000 00 -

oo

^  1000.00 -
O)
a.

0 .00 -

Sample

Figure 4.3.15 Boxplot analysis of IL-8 inflammatory cytokine expression (in pg/mL) 

from the untreated control TR146 cells and following direct and indirect exposure of 

the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens pre-treated 

with C. albicans at 24 h.
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Figure 4.3.16 Boxplot analysis o f IL-8 inflammatory cytokine expression (in pg/mL) 

from the untreated control TR146 cells and following direct and indirect exposure o f 

the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens pre-treated 

with C. dubliniensis at 24 h.

Statistical Analyses

A three-way ANOVA (alloy type x exposure method x oral microorganism) was 

performed to investigate the IL-8 cytokine expression from the TR146 cells following 

exposure to the oral microorganism-treated polished d. Sign® 10, d. Sign® 15 and 

d.Sign®30 disc-shaped specimens (Table 4.3.17). No significant increase (P=0.4360) 

in IL-8 cytokines expression was evident for alloy type x exposure method x oral 

microorganism. The Tukey’s post-hoc tests (Table 4.3.18) showed a significant 

increase in IL-8 cytokine expression for each oral microorganism {S. mutans 

(P<0.0001), C. albicans (P<0.0001) and C. dubliniensis (P<0.0001)) compared with 

the untreated control TR146 cells. No significant difference (P=0.8960) was observed 

between C. albicans and C. dubliniensis. Significant increases in IL-8 cytokine 

expression were observed for each oral microorganism-treated polished dental casting
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alloy (d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (P=0.0026)) 

compared with the untreated control TR146 cells. A student’s-t-test comparison o f the 

pooled IL-8 inflammatory cytokine expression results did not show a significant 

difference (P=0.0870) was evident between direct and indirect exposure methods 

(Table 4.3.19).

Between-Slihjects F«ic1o(s

Value Label N
Alloy 1.00 Control 0

2 0 0 d.Sign 10 18
3 00 d.Sign 15 18
4 00 d Sign 30 19

E xposure 1.00 Direct 30
2.00 Indirect 31

Strain 1 00 Control 6
2 00 s .m u ta n s 18
3,00 c.a ib icans 18
4.00 c.

dubiiniensl
s

19

Tests of Betweeii-Suhlects Effects

D ependen t Variable: IL 8

Source
Type III Sum  
of S q u a res df Mean S quare F 8lg.

Corrected Model 7994287 818^ 19 420751 990 9 452 .000
Intercept 18964769.0 1 18964769.00 426.050 ,000

Alloy 3090902 244 2 1545451 122 34.719 .000
Exposure 232954 888 1 232954 888 5.233 ,027
Strain 1843661 392 2 321830 696 20.709 .000
Alloy* E xposure 48272.300 2 24136.150 .542 .586

Alloy* SU-ain 164904 550 4 41226 137 926 458

Exposure * Strain 222518.386 2 111259.193 2.499 .095
Alloy * E xposure * Strain 172092.515 4 43023.129 .967 ,436
Error 1825034 992 41 44513 049
Total 35703685,3 61
C orrected Total 9819322,810 60

a R S q u ared  = 814 (Adjusted R S q u ared  = 728)

Table 4.3.17 Three-way ANOVA o f the pooled IL-8 inflammatory cytokine 

expression results for the TR146 cells following direct and indirect exposure 

(Exposure) to the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped 

specimens (Alloy) pre-treated with the oral microorganisms (Strain) at 24 h.
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DeoftA(}«r»tVj>r<a&lft il B 
TuKtyHSO

(J) Strain

M«4n
Diflw»ftce

§18 ErrOJ Sfg
95% C9)^)^dtnc«!nt«ryaf

Uc&«i S ound
Control $ m utant -8S7 2928* 99 45747 008 •11336021 -600 9835

t  d ^ tc in s • 448 45$7-' 83 45747 000 -712 7S59 •1801474
( liQbHmtfnm -«95 0 3 3 r 98 80098 000 -759 5351 •230 4322
CoW « «67 2 9 ? r 83 45747 000 600 9835 1133 eo2i
c BibK«n& 4:^0 8361* 70 32704 000 232 5370 6091452
c 372 2591* 69 39553 000 186 4443 558 0739

f  aihicftne Oomroi 445 4567* 98 4G747 000 1801474 712 7659
$ mulan^ -420 8361* 70 32705 000 e 0 9 1452 ■232 5270
t •41 5770 $9 39553 m -234 3918 137 2378

( (k^imicnsis Contrdi 495 0337* 98 80088 000 230 4322 759 5851
s  ftiylans 777 2 5 9 f &9 39553 000 -5580739 •1864443
c albicarts 48 5/70 69 39553 396 -1372378 234 3918

89S«(} on oi38«fved m«an«.
* Thcm«an<St{f»fent«i«st9n^«mat9«t OSI«««!

Cmh^ H kmu

0«pe)^«n( Vanafeif IL S
Tukgy H80

(l>A]M3y UiAfioy

M6«n
Otff«r«n«

(l-J) Sitf Error Stg
95% ConWence ^ m m i

Lower Sound Up9<k Bound
ConUol 4 S«3n 10 •653 9856' 99 45747 000 -9?0 2948 -387 6783

d Si^n 15 •8741178* 9945747 000 -1U 0 4271 -607 8085
a Si^n 30 -291 9616* 99 €0098 026 ■556 5130 •J74101

aS»9n10 Consol 653 9856* 9945747 000 387 6763 920 2948
a S»tfn 15 -220 I 3 2 r 70 32705 016 •408 4413 -31 8231
a 3«3n 30 362 0240' 69 39553 000 176 2091 547 8388

a Sign 15 C o r ^ 874 1178* 99 45747 OOO 607 8085 1140 4271
0 Sign 10 220 1 3 2 r 70 32705 016 31 8231 408 4413
<J Si^fi 30 582 1562* 69 39553 000 396 3414 767 9710

dStgftJO ConSW 291 9616* 98 80098 026 27 4101 556 5130
<j 8«gn 10 -3620240* 69 39553 000 -547 8388 •176 2091
a Stgn 15 •5821562- 69 39553 000 •767 9710 -396 3414

on ods«ry»<l m»an«
* Th»mean<3i#i»fcnf«r5SJ5f«ift{»rtidifft« 05ie»^

Table 4.3.18 Tukey’s post-hoc test o f the pooled IL-8 cytokine expression results by 

the TR146 cells for the untreated control (Control) and the oral microorganism 

(Strain)-treated polished dental casting alloys (Alloy).

G foi^ S tatistics

Exposure N Mean Std Deviation
Std Error 

Mean
IL8 Direct 30 7327073 463,66097 84,65252

Indirect 31 572.8819 326 36460 58,61681

liHlepeixledt SiiniiHes Test

Levene’s Test for 
Equality of Variances t-test for Equality of Means

95% Confidence 
Interval of the 

Difference
F SIQ, t df SIq (2-laitecJ) Difference Difference Lovi^r Upper

IL8 Equal variances 
assum ed 3.019 .087 1,561 59 .124 153-82540 102,38834 -4505320 354,70339

Equal variances 
not assum ed 1.552 51,935 ,127 15982540 102.96592 •46.79701 368 44780

Table 4.3.19 A student’s-t-test comparison o f the pooled IL-8 inflammatory 

cytokine expression results using a critical significance level o f  P=0.0500 for the 

direct and indirect exposure methods (Exposure).
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PGE2
The boxplot analyses generated for the expression of the PGE2 inflammatory cytokine 

(in pg/mL) highlighted low levels o f expression by the untreated control TR146 cells 

and following exposure to the oral microorganism-treated polished d.Sign®30 dental 

casting alloy. High levels o f the PGE2 cytokine were expressed from the TR146 cells 

following direct and indirect exposure to the S. mutans (Figure 4.3.17), C. albicans 

(Figure 4.3.18) and C. dubliniensis (Figure 4.3.19)-treated polished d.Sign®10 and 

d. Sign® 15 disc-shaped specimens at 24 h.
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Figure 4.3.17 Boxplot analysis of PGE2 inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure of the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens 

pre-treated with S. mutans at 24 h.
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Figure 4.3.18 Boxpiot analysis o f  PGE2 inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f  the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens 

pre-treated with C  albicans at 24 h.
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Figure 4.3.19 Boxplot analysis of PGE2 inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens 

pre-treated with C. dubliniensis at 24 h.

Statistical Analyses

A three-way ANOVA (alloy type x exposure method x oral microorganism) 

investigated the PGE2 cytokine expression data which identified no significant 

increase (P=0.0840) in PGE2 cytokine expression from the TR146 cells (Table 

4.3.20). The Tukey’s post-hoc tests showed the oral microorganism-treated polished 

dental casting alloys each elicited a significantly increased (d.Sign®10 (P<0.0001), 

d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001)) level o f the PGE2 cytokine 

expression compared with the untreated control TR146 cells (Table 4.3.21). Each oral 

microorganism induced a significant level o f PGE2 cytokine expression {S. mutans 

(P<0.0001), C. albicans (P<0.0001) and C. dubliniensis (P<0.0001)) compared with 

the untreated control TR146 cells. A student’s-t-test comparison of the pooled PGE2 

inflammatory cytokine expression data highlighted a significant increase (P<0.0001)
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in PGE2 inflammatory cytokine expression for the direct compared with indirect 

exposure methods was evident (Table 4.3.22).

Betweeii-$id>iects F«ictois

Value Label N
Alloy 1.00 Control 6

200 d.Sign 10 18
300 d Sign 15 18
4 00 d Sign 30 19

Exposure 1.00 Direct 30
200 Indirect 31

Strain 1.00 Control 6
200 s.mutans 18
3.00 c albicans 18
4.00 c.

dublmiensi
s

19

Tests of Between-Sirt>^cts Effects

Dependent Variable: PGE2

Source
Type III Sum 
of Squares df Mean Square F Sig

Corrected Model 4938748 050* 19 259934.108 308,463 ,000
Intercept 7410576 049 1 7410576,049 8794 110 000
Alloy 2093006.703 2 1046503.351 1241,883 ,000
Exposure 664447 760 1 664447 760 788 498 000
Strain 373429 594 2 186714,797 221 574 000
Alloy* Exposure 460372.917 2 230186 459 273162 000
Alloy* Strain 7189 959 4 1797 490 2 133 094
Exposure * Strain 1702.683 2 851 341 1 010 373
Alloy * E)^)0 sure * Sfram 7481 541 4 1870,385 2.220 084
Error 34549.671 41 842,675
Total 15276626,3 61
Corrected Total 4973297.721 60

a R Squared = 993 (Adjusted R Squared = 990)

Table 4.3.20 Three-way ANOVA of the pooled PGE2 inflammatory cytokine 

expression results for the TR146 cells following direct and indirect exposure 

(Exposure) to the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped 

specimens (Alloy) pre-treated with the oral microorganisms (Strain) at 24 h.
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Multiple Coinptirisoiis

Dependent Variable; P0E2 
TukeyHSD_______________

(1) strain (J) Strain

Mean
Difference

0-J) Std. Error Sig.
95% Confidence Inten^^l

Lower Bound Upper Bound
Control sm u tans -525.1367* 13 68434 .000 -561.7781 -488 4952

c.alblcans -322.7468* 13.68434 .000 -359.3883 -286.1054
c.dubilniensis -389.0233* 13.59401 .000 -425,4229 ■352,6237

sm u tan s Control 525.1367* 13.68434 000 488,4952 561,7781
c albicans 202.3898* 9,67629 .000 176,4804 228 2993
c.dubilniensis 136.1133* 9.54812 .000 110.5471 161,6796

c.albicans Control 322,7468* 13.68434 .000 286.1054 359.3883
$ mutans -202.3898* 9.67629 .000 -228,2993 -176,4804
c dubliniensis -66,2765* 9.54812 ,000 -91,8427 -40,7103

c.dubilniensis Control 389.0233* 13.59401 .000 352.6237 425.4229
s mutans -136.1133* 9.54812 ,000 -161.6796 -110.5471
c.albicans 66 2765* 9.54812 ,000 40,7103 91 8427

Based on observed m eans.
* The mean difference is significant at the .05 levei.

Muillple Coii^)<irisoi)S

DependentVariable: P0E2
TukeyHSD

(1) Alloy (J) Alloy

Mean
Difference

O-J) Std Error Sig.
95% Confidence Inten^al

Lower Bound Upper Bound
Control d.Sign 10 -510 1072* 13 68434 .000 -546 7487 -473.4658

d Sign 15 -594 9133* 13 68434 .000 -631.5548 -558.2719
d Sign 30 -145,4198* 13,59401 000 -181 8194 -109.0202

d.Sign 10 Control 510,1072* 13.68434 .000 473.4658 546.7487
d Sign 15 -84,8061* 9,67629 .000 -110.7155 -58.8967
d Sign 30 364,6874* 9,54812 OOQ 339 1212 390.2536

d-Sign 15 Conb^ol 594 9133 ' 13 68434 .000 558.2719 631.5548
d SignlO 84 8061* 9 67629 .000 58 8967 110.7155
d.Sign 30 449 4935* 9 54812 000 423 9273 475.0598

d Sign 30 Control 145 4198* 13 59401 .000 109.0202 181.8194
d.SignlO -364 6874* 9.54812 .000 -390.2536 -339.1212
d Sign 15 -449,4935* 9.54812 000 -475 0598 -423.9273

Based on obsen/ed means-
*■ The m ean difference Is significant at the 05 level

Table 4.3.21 Tukey’s post-hoc test o f  the pooled PGEi cytokine expression results 

by the TR146 cells for the untreated control (Control) and the oral microorganism  

(Strain)-treated polished dental casting alloys (Alloy).

231



Gioup Sttitistics

E xposure N Mean Std, Deviation
Std F*rror 

Mean
PGE2 Direct 30 541.1904 332.57004 60.71870

Indirect 30 287,1113 161.96454 29,67054

IndepeiKieiif Sam ples Test

Levene’s  T est for 
Equality o fV ariances t-test for Equality of M eans

Mean Std Error

95%  Confidence 
inlerval of the  

Difference
F Sig. t df Sis, (2-tailed) Difference DitTerence Lower U pper

PG E2 Equal v ariances 
a s su m e d 41 818 .000 3 762 58 .000 254 07910 67 53650 118.89012 389,26808

Equal v ariances 
not a s su m e d 3.762 42.024 .001 254.07910 67.53650 117.78721 390,37099

Table 4.3.22 A student’s-t-test comparison o f  the pooled PGE2 inflammatory 

cytokine expression results using a critical significance level o f  P=0.0500 for the 

direct and indirect exposure methods (Exposure).
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TNF-a

The low levels o f the TNF-a inflammatory cytokine (in pg/mL) expressed from the 

untreated control TR146 cells are shown in boxplots (Figure 4.3.20, 4.3.21 and 4.3.22, 

respectively). Higher levels of the cytokine were expressed following exposure to the 

oral microorganism {S. mutans, C. albicans and C. dubliniensisyiXQdXQd polished Ni- 

based (d.Sign®10 and d.Sign®15) and Co-Cr (d.Sign®30) dental casing alloys at 24 h.

400 00 -

0 00 -

1000 00 -

800 00 -

( . \ x i r t r o l

Sample

Figure 4.3.20 Boxplot analysis of TNF-a inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure of the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens 

pre-treated with S. mutans at 24 h.
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Figure 4.3.21 Boxplot analysis of TNF-a inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens 

pre-treated with C. albicans at 24 h.
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Figure 4.3.22 Boxplot analysis of TNF-a inflammatory cytokine expression (in 

pg/mL) from the untreated control TR146 cells and following direct and indirect 

exposure o f the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens 

pre-treated with C  albicans at 24 h.

Statistical Analyses

A three-way ANOVA (alloy type x exposure method x oral microorganism) for the 

TNF-a expression data showed a significant increase (P<0.0001) in cytokine 

expression was evident (Table 4.3.23). The Tukey’s post-hoc tests highlighted 

significant increases for the oral microorganisms {S. mutans (P<0.0001), C  albicans 

(P<0.0001) and C. dubliniensis (?<0.0001)) compared with the untreated control 

TR146 cells and additionally for the oral microorganism-treated polished dental 

casting alloys (d.Sign®10 (?<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 

(?<0.0001)) compared with the untreated control TR146 cells compared with the 

untreated controls (Table 4.3.24). A student’s-t-test comparison of the pooled TNF-a 

inflammatory cytokine expression data showed no significant difference (P=0.209) 

between the exposure methods used, namely direct and indirect (Table 4.3.25).
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Befweeii-S iri^ecls F«>ctois

Value Label N
Alloy 1.00 Control 6

2.00 d.Sign 10 18
3.00 d.SIgn 15 18
400 d.Sign 30 18

Exposure 1.00 Direct 30
2.00 Indirect 30

Strain 1,00 Control 6
2,00 s.mutans 18
300 c.albicans 18
4.00 c

dubliniensi
s

18

Tests Gt Between-SiilHecis Effects

Dependent Variable: TNF

Source
Type III Sum 
of Squares df Mean Square F Sig

Corrected Modal 2914870.076^ 19 153414.215 478 600 000
Intercept 4842445 539 1 4842445-539 15106 791 000
Alloy 896982.567 2 448491.294 1399141 ,000
Exposure 27981.411 1 27981 411 87 293 000
Strain 878836.135 2 439418 068 1370 836 000
Alloy* Exposure 179970 921 2 89985.460 280.724 .000
Alloy* Stratn 130007 571 4 32501.893 101.395 .000
Exposure * Strain 13772.878 2 6686 439 21 463 ,000
Alloy * Exposure * Strain 230376,390 4 57594.097 179 674 .000
Error 12821 904 40 320 548
Total 9651104 890 60
Corrected Total 2927691.979 59

a R Squared = 996 (Adjusted R Squared = 994)

Table 4.3.23 Three-way ANOVA of the pooled TNF-a inflammatory cytokine 

expression results for the TR146 cells following direct and indirect exposure 

(Exposure) to the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped 

specimens (Alloy) pre-treated with the oral microorganisms (Strain) at 24 h.
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Multiple C oiiip .iiiso its

D ep en d en t Variable: PGE2 
TukeyHSD_______________

<l) stra in (J) Strain

Mean
Difference

0-J) Std. Error Sig,

95%  Confidence Interval

Lower Bound U pper Bound
Control s .m u tan s -525.1 367* 13,68434 ,000 *561.7781 -488,4952

c .albicans -322.7468* 13.68434 .000 -359.3883 -286.1054
c dublin lensis ■389.0233* 13.59401 ,000 -425.4229 -352.6237

s .m u tan s Control 525.1367* 13.68434 ,000 488,4952 561,7781
c atb icans 202.3898’ 9.67629 .000 176,4804 228.2993
c.dublinlensis 136.1133* 9.54812 ,000 110.5471 161.6796

c.a lb icans Control 322.7468* 13,68434 .000 286.1054 359,3883
s  m utans '202 .3893* 9.67629 000 -228,2993 -176,4804
c dubliniensis -56.2765* 9.54812 000 -91,8427 -40,7103

c.dublin lensis Confe^ol 389.0233* 13.59401 .000 352.6237 425.4229
s.m u tan s -136.1133* 9.54812 .000 -161.6796 -110.5471
c.albicans 66 2765* 9,54812 ,000 40,7103 91 8427

B a se d  on observed  m ean s.

* The m ea n  difference Is significant a t the 06 level.

Mtiltiple C oiiip tiriso iis

D ep en d en t Variable. P 0 E 2  
TukeyHSD_______________

(l)AJtoy (J) Alloy

Mean
Difference

(l-J) Std Error Sig
95%  C onfidence Interval

Lower Bound U pper Bound
Control d.Sign 10 -510.1072* 13.68434 .000 -546 7487 -473,4658

d S ig n 1 5 -594.9133* 13.68434 .000 -631,5548 -558,2719
d.Sign 30 -145.4198* 13 59401 000 -181 8194 -1 0 9 0 2 0 2

d Sign 10 Control 510.1072* 13.68434 ,000 473.4658 546.7487
d Sign 15 -84 8061* 9.67629 .000 -110.7155 -58.8967
d.Sign 30 364 6874* 9 54812 .000 339 1212 390.2536

d.Sign 15 Control 594 9133* 13 68434 ,000 558.2719 631,5548
d Sign 10 84,8061* 9 67629 ,000 58.8967 110.7155
d Sign 30 449 4935* 9 54812 000 423 9273 475.0598

d Sign 30 Control 145.4198* 13 59401 .000 109.0202 181.8194
d.Sign 10 -364 B874* 9 .54812 .000 -390.2536 -339.1712
d Sign 15 -449 4935* 9.54812 000 -475 0598 -423.9273

B a se d  on observed  m ean s .

* The m e a n  difference Is significant at the  05 level.

Table 4.3.24 Tukey’s post-hoc test o f the pooled TNF-a cytokine expression results 

by the TR146 cells for the untreated control (Control) and the oral microorganism 

(Strain)-treated polished dental casting alloys (Alloy).
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Gfottp S tatistics

Exposure N Mean Std Deviation
Std. Error 

Mean
TNF Direct 30 3 6 0 J 0 3 3 243.37752 44.43445

Indirect 30 308.7947 200.81975 36.66450

iiulependeiit Sam ples Test

L evene 's T est for 
Equality o fV an an ces 1-test for Equality of M eans

Mean Std. Error

95%  Confidence 
Interval of the 

Difference
F Sig t df Sig (2-tailed) Difference Difference Lower Upper

TNF Equal v arian ces  
a s su m e d 1.615 .209 .901 58 .371 51.90863 57,60821 -63,40673 167,22400

Equal v ariances 
not a s su m e d ,901 55,982 .371 51 90863 57,60821 -63,49531 167,31258

Table 4.3.25 A student’s-t-test comparison o f the pooled TN F-a inflammatory 

cytokine expression results using a critical significance level o f P=0.0500 for direct 

and indirect exposure methods (Exposure).

Preliminary Remarks

• Direct and indirect exposure o f oral microorganism-treated polished dental 

casting alloys to the TR146 cells highlighted significant increases in IL -la  

(P=0.0230) and TNF-a (?<0.0001) inflammatory cytokine expression at 24 h 

compared with the untreated TR146 control cells.

• No significant increase in the expression o f the IL-8 (P=0.4360) and PGE2 

(P=0.0840) inflammatory cytokines were observed following direct and indirect 

exposure o f the oral microorganism-treated dental casting alloys to the TR146 cells at 

24 h.

• Direct exposure o f the disc-shaped specimens were shown to elicit 

significantly higher levels o f IL - la  (P=0.0023) and PGE2 (P<0.0001) cytokine 

expression, however, this was not shown for IL-8 (P=0.0870) and T N F-a (P=0.2090) 

cytokines.

• The S. ww^ara-treated polished dental casting alloys elicited the highest levels 

o f cytokine expression as observed with the boxplot analyses.
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Cellular Metabolic Activity

A linear regression analysis was performed on the cellular metabolic activity (XTT 

reduction) data from the untreated control TR146 cells which showed a significant 

decrease (P<0.0001) in cellular metabolic activity was evident with increasing time 

(2-72 h) (Table 4.3.26). The individual plots o f the linear regression analyses for 

increasing exposure times o f 2, 24, 48 and 72 h are not shown, however, all figures 

and analyses are available in the Appendices.

d.Sign® 10

The linear regression analyses performed following indirect exposure o f the TR146 

cells to the S. mutans-treated polished d.Sign®10 immersion solutions o f 1, 5, 9 and 

14 day duration showed significant decreases (P=0.0003, P<0.0001, P<0.0001 and 

P<0.0001, respectively) in TR146 cellular metabolic activity with increasing exposure 

time (2-72 h). The C. albicans-treated polished d.Sign®10 5, 9 and 14 day immersion 

solutions highlighted significant decreases (P<0.0001, P<0.0001 and P<0.0001, 

respectively) in cellular metabolic activity were evident with increasing exposure 

time, however, the C. albicans-treated polished d.Sign® 10 1 day immersion solution 

did not (P=0.1119). The C, dubliniensis-treated polished d.Sign®10 immersion 

solutions elicited significant decreases in cellular metabolic activity with the 5 day 

(P<0.0001), 9 day (P=0.0001) and 14 day (P<0.0001) immersion solutions up to 72 h, 

however, no significant decrease (P=0.1295) was evident with the 1 day immersion 

solution (Table 4.3.26).

The effects on TR146 cellular metabolic activity o f increasing the immersion duration 

o f the oral microorganism -treated polished d.Sign® 10 immersion solutions from 1 to 

14 days were determined using linear regression analyses. An increase in the 

immersion duration (1, 5, 9 and 14 day) o f  the S. mutans, C. albicans and C. 

dubliniensis-txeated polished d.Sign® 10 disc-shaped specimens elicited significant 

decreases (P=0.0040, P<0.0001 and P<0.0001, respectively) in cellular metabolic 

activity.

239



Statistical Analyses

A two-way ANOVA (dental casting alloy x oral microorganism) highlighted a 

significant decrease (P<0.0001) in TR146 cellular metabolic activity was evident 

following indirect exposure to the oral microorganism-treated polished d.Sign® 10 

immersion solutions (Table 4.3.27). The Tukey’s post-hoc tests showed S. mutans, C. 

albicans and C. dubliniensis-ivQdiXQd polished d.Sign®10 immersion solutions elicited 

significant decreases (P<0.0001, P=0.0040 and P<0.0001, respectively) in TR146 

cellular metabolic activity compared with the untreated control TR146 cells. No 

significant difference (P=0.4490) was observed between the cellular metabolic 

activity reducing effects o f  the C. albicans and C. dubliniensis-treatQd polished 

d.Sign®10 immersion solutions (Table 4.3.28).
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Day Equation of the Line P value df

Control - y=-5.1x+ 104.7 0.8611 <0.0001 10

S. mutans 1 y=-19.4x+ 115.9 0.7475 0.0003 10

5 y=-21.5x+ 106.6 0.9401 <0.0001 10

9 y=-18.7x + 90.5 0.9504 <0.0001 10

14 y=-14.3x + 64.5 0.9340 <0.0001 10

C. albicans 1 y=2.1x + 84.8 0.2330 0.1119 10

5 y=-7.6x + 99.4 0.9475 <0.0001 10

9 y=-9.6x + 85.1 0.9747 <0.0001 10

14 y=-9.4x + 79.6 0.8984 <0.0001 10

C. dubliniensis 1 y=-0.8x + 81.8 0.2145 0.1295 10

5 y=-3.5x + 81.3 0.8323 <0.0001 10

9 y=-9.7x + 86.3 0.8162 0.0001 10

14 y=-6.6x + 67.5 0.8576 <0.0001 10

2
Table 4.3.26 Comparison of the linear regression analysis data (equation of the line, r , P values and df) for the cellular metabolic activity 

resuhs for the untreated control TR146 cells and following indirect exposure to the 1, 5, 9 and 14 day immersion solutions of the polished 

d.Sign®10 immersion solutions pre-treated with the oral microorganisms S. mutans, C. albicans and C. dubliniensis at 2, 24, 48 and 72 h 

(exposure time).



Betweeii-Sttf)|ects Foctois

Vaiue Label N
Alloy 1.00 Control 12

2,00 dS ignlO 144
Strain 1.00 Control 12

2 00 S ,m u tan s 48
3 0 0 C ,alb icans 48
4,00 C,

dubiiniensi
s

48

T ests of B «tw een-Sub^cts Effects

D ep en d en t Variabie XTT

S ource
Type III Sum  
of S q u a res df Mean S quare F Sig.

C orrected Model 23328,253^ 3 7776 084 22,379 .000
Intercept 399503,955 1 399503,955 1 1 4 9 7 5 4 ,000
Alloy .000 0
Strain 13118,092 2 6559 046 18.877 ,000
A llo y 'S tra in ,000 0
Error 52815,300 152 347,469
Total 7 3 3 8 0 9 1 3 5 156
Corrected  Total 76143 554 155

a. R S q u ared  = .306 (Adjusted R S q u ared  = .293)

Table 4.3.27 Two-way AN O V A  o f  the pooled cellular metabolic activity results for 

the untreated control TR146 cells and following indirect exposure o f  the S. mutans, C. 

albicans and C. dubliniensis (Strain)-treated polished d.Sign®10 immersion solutions.

Mtrtiiple CoiiH><insoiis

D ep en d en t Variable: XTT 
TukeyHSD______________

(1) Strain (J) Strain

Mean
Difference

Cl-J) Std Error Sig.
95%  Confidence Interval

Lower Bound U pper Bound
Control S m u tan s 4 3 ,4 5 8 3 ' 6 ,01620 ,000 27.8302 59,0865

C .alb icans 2 0 9 8 6 7 * 6,01620 .004 5.3585 36.6148
C .dubliniensis 2 6 6360* 6 01620 000 11,0079 42 2642

S m utans Contiol -43 4 5 8 3 ' 6 .01620 .000 -59 0865 -27 8302
C .alb icans -22 4717* 3,80498 .000 -32.3558 -12,5875
C .dubliniensis -16,8223* 3.80498 .000 -26,7064 -6,9382

C alb icans Control ■20,9867* 6 01620 .004 -36.6148 -5 3 5 8 5
S .m utans 22,4717* 3.80498 .000 12.5875 32,3558
C .dubliniensis 5,6494 3.80498 .449 -4.2347 15.5335

C dublin iensis Control -26 6360* 6 0 1 6 2 0 .000 -42.2642 -11,0079
S .m utans 18,8223* 3.80498 .000 6,9382 26,7064
C .alb icans -5,6494 3.80498 .449 -15.5335 4,2347

B ased  on observed  m ean s .

* The m ean  ditTerence Is significant at the ,05 level.

Table 4.3.28 Tukey’s post-hoc tests o f  the pooled cellular metabolic activity results 

for the untreated control TR146 cells and following indirect exposure to the S. 

mutans, C. albicans and C. dubliniensis (Strain)-treated polished d.Sign® 10 

immersion solutions.
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d.Sign®15

Linear regression analyses performed on the cellular metabolic activity results of the 

TR146 cells following indirect exposure to the S. mutans-treaied polished d.Sign®15 

1, 5, 9, and 14 day immersion solutions highlighted significant decreases (P<0.0001, 

P=0.0001, P<0.0001 and ?<0.0001, respectively) in cellular metabolic activity were 

evident at 2-72 h exposure time. Immersion solutions of polished d. Sign® 15 alloy pre

treated with the oral microorganism C. albicans elicited significant decreases in 

TR146 cellular metabolic activity for the 5 day (P<0.0001), 9 day (?<0.0001) and 14 

day (P=0.0130) immersion solutions but not (P=0.8025) for the 1 day immersion 

solution. The C. dubliniensis-ixQaitd polished d.Sign® 15 immersion solutions showed 

significant decreases (1 day (P<0.0001), 5 day (P<0.0001), 9 day (P=0.0020), and 14 

day (P=0.0102)) in TR146 cellular metabolic activity were evident with increasing 

exposure time (2-72 h) (Table 4.3.29).

Linear regression analyses were used to determine the effects of increasing the 

immersion duration of the oral microorganism-treated polished d.Sign® 15 immersion 

solutions on the TR146 cellular metabolic activity. The increasing immersion duration 

of the S. mutans, C. albicans and C  dubliniensis-XrQaXQd polished d.Sign® 15 disc

shaped specimens from 1-14 day induced significant decreases (P<0.0001, P<0.0001 

and P<0.0001, respectively) in cellular metabolic activity.

Statistical Analyses

The two-way ANOVA (dental casting alloy x oral microorganism) showed a 

significant decrease (P<0.0001) in TR146 cellular metabolic activity was induced by 

the oral microorganism-treated polished d.Sign®] 5 immersion solutions (Table 

4.3.30). The Tukey’s post-hoc tests determined the oral microorganisms {S. mutans 

(P<0.0001), C  albicans (P<0.0001) and C. dubliniensis (P<0.0001)) induced 

significant decreases in cellular metabolic activity compared with the untreated 

control TR146 cells (Table 4.3.31). No significant effect (P=0.4970) in TR146 

cellular metabolic activity was shown between the polished immersion solutions pre

treated with C. albicans or C. dubliniensis.
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Day Equation of the Line P value df

S. mutans 1 y=-10.1x + 86.2 0.9569 <0.0001 10

5 y=-6.7x + 64.5 0.7870 0.0001 10

9 y=-7.8x + 54.3 0.9612 <0.0001 10

14 y=-6.6x + 35.9 0.8994 <0.0001 10

C. albicans 1 y=-0.4x + 82.4 0.0066 0.8025 10

5 y=-8.1x + 89.8 0.8693 <0.0001 10

9 y--8.3x + 70.9 0.9239 <0.0001 10

14 y=-6.9x + 61.8 0.4760 0.0130 10

C. dubliniensis 1 y=-4.2x + 79.3 0.9107 <0.0001 10

5 y=-5.1x + 74.5 0.8662 <0.0001 10

9 y=-2.6x + 55.3 0.6336 0.0020 10

14 y=-3.1x + 56.4 0.4991 0.0102 10

2Table 4.3.29 Comparison of the linear regression analysis data (equation of the line, r , P values and df) for the cellular metabolic activity 

resuhs for the untreated control TR146 cells and following indirect exposure to the 1, 5, 9 and 14 day immersion solutions o f the polished 

d.Sign® 15 immersion solutions pre-treated with the oral microorganisms S. mutans, C. albicans and C. dubliniensis at 2, 24, 48 and 72 h 

(exposure time).
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Table 4.3.30 Two-way AN O V A  o f  the pooled cellular metabolic activity results for 

the untreated control TR146 cells and following indirect exposure to the S. mutans, C. 

albicans and C. dubliniensis (Strain)-treated polished d.Sign® 15 immersion solutions.

Coinpaiisaiis

D ependent Variable: KTT 
TukeyHSD_____________

(1) strain (J) Strain

Mean
Difference

(l-J) Std. Enor Sig.
95% Confidence Internal

Lower Bound U pper Bound
Control S m u tans 52.2608* 4 94404 .000 39.4178 65.1039

C .alb icans 31 5498* 4.94404 000 18 7068 44 3928
C .dubliniensis 35.9481* 4 94404 .000 23.1051 48.791 2

S .m utans Control -52.2608* 4.94404 .000 -65.1039 -39.4178
C .alb icans -20.7110* 3.12689 .000 -28.8337 -12.5884
C .dubllniensis -16 3127* 3.12689 000 -24 4354 -8.1901

C .albicans Control -31.5498* 4.94404 .000 -44 3928 -18.7068
S .m utans 20.7110* 3.12689 .000 12.5884 28.8337
C .dubllniensis 4.3983 3,12689 .497 -3.7243 12.5210

C.dubliniensis Control -35.9481* 4,94404 .000 -48.7912 -23.1051
S .m utans 16.3127* 3,12689 .000 8.1901 24.4354
C .alb icans -4.3983 3,12689 .497 -12.5210 3.7243

B ased  on obseived  m ean s .

* The m ean  difference is significant at the ,05 level.

Table 4.3.31 Tukey’s post-hoc tests o f  the pooled cellular metabolic activity results 

for the untreated control TR146 cells and following indirect exposure to the S. 

mutans, C. albicans and C. dubliniensis (Strain)-treated polished d.Sign®15 

immersion solutions.
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d.Sign®30

The linear regression analyses o f the TR146 cells following indirect exposure to the S. 

mutans-tveated polished d.Sign®30 I, 5, 9 and 14 immersion solutions highlighted 

significant decreases (P<0.0001, P=0.0001, P=0.0014 and P=0.0012, respectively) 

were evident in TR146 cellular metabolic activity as the exposure time increased from 

2 to 72 h. The polished d.Sign®30 immersion solutions pre-treated treated with C. 

albicans elicited significant decreases (P=0.0200, P=0.0001, P=0.0002 and P=0.0223, 

respectively) with increasing exposure time. The C. dubliniensis-XxQaiQd polished 

d.Sign®30 1, 5 and 9 day immersion solutions induced significant losses (P=0.0071, 

P=0.0017 and P=0.0141, respectively) in cellular metabolic activity but not 

(P=0.5327) with the 14 day immersion solution (Table 4.3.32).

Increasing the immersion duration o f the oral microorganism-treated polished 

d.Sign®30 immersion solutions from 1 to 14 days were investigated using linear 

regression analyses to determine if  significant decreases in TR146 cellular metabolic 

activity occurred. The S. mutans, C. albicans and C. dubliniensis-XxQOied polished 

d.Sign®30 immersion solutions elicited significant decreases (P=0.0056, P<0.0001 

and P<0.0001, respectively) in TR146 cellular metabolic activity as immersion 

duration increased from 1 day to 14 day.

Statistical Analyses

A significant decrease (P<0.0001) in TR146 cellular metabolic activity was shown 

using a two-way ANOVA (dental casting alloy x oral microorganism) for the oral 

microorganism-treated polished d.Sign®30 immersion solutions (Table 4.3.33). The 

Tukey’s post-hoc tests highlighted significant decreases in cellular metabolic activity 

were observed for S. mutans (P<0.0001), C. albicans (P<0.0001) and C. dubliniensis 

(P<0.0001)-treated polished immersion solutions compared with the untreated control 

TR146 cells (Table 4.3.34). No significant effect (P=0.9570) in the decrease o f TR146 

cellular metabolic activity was evident for the polished immersion solutions pre

treated with S. mutans or C. dubliniensis.
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Day Equation of the Line P value df

S. mutans 1 y=-4.7x + 95.1 0.8573 <0.0001 10

5 y=-5.2x + 86.6 0.7794 0.0001 10

9 y=-7.1x + 88.2 0.6575 0.0014 10

14 y=-6.5x + 89.8 0.6665 0.0012 10

C. albicans 1 y=-2.1x + 93.2 0.4331 0.0200 10

5 y=-3.6x + 88.6 0.8099 0.0001 10

9 y=-4.5x + 92.8 0.7754 0.0002 10

14 y = -l.lx  + 80.2 0.4216 0.0223 10

C. dubliniensis 1 y=-1.5x + 86.6 0.5320 0.0071 10

5 y=-3.6x + 85.1 0.6440 0.0017 10

9 y=-2.4x + 80.1 0.4680 0.0141 10

14 y=-0.5x + 65.8 0.0400 0.5327 10

• 2Table 4.3.32 Comparison o f the linear regression analysis data (equation of the line, r , P values and df) for the cellular metabolic activity 

results for the untreated control TR146 cells and following indirect exposure to the 1, 5, 9 and 14 day immersion solutions of the polished 

d.Sign®30 immersion solutions pre-treated with the oral microorganisms S. mutans, C. albicans and C  dubliniensis at 2, 24, 48 and 72 h 

(exposure time).



Between-Siifofects Fiictots

Value Label N
Alloy 1.00 Control 12

2,00 dSign3Q 144
Strain 1.00 Control 12

2.00 S .m utans 48
3.00 C .alb icans 48
4.00 C.

dubliniensi
s

48

Tests of 8etween-$iil>|«cls Effects

D ependentV ariab ie: KTT

S ource
T ^ e  III Sum  
of S q u a res df Mean S quare F Sig.

Corrected Model 4304.853* 3 1434.951 24.100 .000
Intercept 507175 796 1 507175,796 8518,126 .000
Alloy ,000 0
Strain 1510.241 2 755,121 12.692 .000
Alloy* Strain 000 0
Error 9050.197 152 59541
Total 969585,979 156
Corrected Total 13355,050 155

a R S q u ared  = .322 {Adjusted R S q u ared  = .309)

Table 4.3.33 Two-way ANOVA o f the pooled cellular metabolic activity results for 

the untreated control TR146 cells and following indirect exposure to the S. mutans, C. 

albicans and C. dubliniensis (Strain)-treated polished d.Sign®30 immersion solutions.

Mtitttple Coiii|>dnsons

D ep en d en tV an ab le ; KTT 
TukeyH SD ______________

(1) Strain (J) Strain

Mean
Difference

(i-J) Std. Error Sig,
95%  Confidence interval

Lower Bound U pper Bound
Control S .m utans 17.7604* 2.49041 ,000 11-2911 24 2297

C .aib icans 11,3273* 2 49041 .000 4 8580 17.7966
C .dublinlensis 18.5633* 2.49041 ,000 12.0940 25,0326

S .m u tan s Control -17,7604* 2.49041 ,000 -24.2297 -11,2911
C .aib icans '6  4331* 1 57508 ,000 -10 5247 -2 3416

C .dublin lensis .8029 1.57508 .957 -3,2886 4 8945
C .alb icans Control -11.3273* 2.49041 ,000 -17.7966 -4,8580

S .m utans 6 4331* 1.57508 .000 2.3416 10,5247

C .dublin iensis 7.2360* 1.57508 ,000 3 1 4 4 5 11,3276

C .dub lin lensis Control -18.5633* 2.49041 ,000 -25,0326 -12,0940
S .m utans -.8029 1,57508 ,957 -4 8945 3.2886

C .aib icans -7 2 3 6 0 * 1,57508 .000 ■11,3276 -3,1445

B a se d  on observ ed  m ea n s .

* 7716 m ea n  difference Is significant a t the 05 level.

Table 4.3.34 Tukey’s post-hoc tests o f the pooled cellular metabolic activity results 

for the untreated control TR146 cells and following indirect exposure to the S. 

mutans, C. albicans and C. dubliniensis (Strain)-treated polished d.Sign®30 

immersion solutions.
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Preliminary Remarks

• Indirect exposure of the TR146 cells to the oral microorganism-treated 

polished d.Sign®10, d.Sign®15 and d.Sign®30 immersion solutions elicited significant 

decreases (P<0.0001, P<0.0001 and P<0.0001, respectively) in cellular metabolic 

activity compared with the untreated control TR146 cells.

• Increasing the oral microorganism-treated polished alloy immersion duration 

from 1 to 14 days induced significant decreases (d.Sign® 10 (P<0.0040), d.Sign® 15 

(P<0.0001) and d.Sign®30 (P<0.0056)) in TR146 cellular metabolic activity.

• The S. mutans, C. albicans and C dubliniensis oral microorganisms used to 

pre-treat the polished d.Sign®10, d.Sign®15 and d.Sign®30 immersion solutions 

induced significant decreases (P<0.0040, P<0.0001 and P<0.0001, respectively) in 

TR146 cellular metabolic activity compared with the untreated control TR146 cells.

Cellular Toxicitv

The linear regression analysis for the LDH release levels elicited by the Triton-X 

treated control TR146 cells did not show a significant linear effect (P=0.2000) on 

TR146 cellular toxicity with increasing exposure time from 2-72 h (Table 4.3.35). The 

individual plots of the linear regression analyses for increasing exposure times of 2, 

24, 48 and 72 h are not shown, although all figures and analyses are available in the 

Appendices.

d.Sign®10

Linear regression analyses following indirect exposure of the TR146 cells to the S. 

mutans-treated polished d.Sign® 10 immersion solutions of 1, 5, 9 and 14 day duration 

highlighted significant increases (P=0.0001, P<0.0001, P<0.0001 and P<0.0001, 

respectively) in cellular toxicity as exposure time was increased. The 1, 5, 9 and 14 

day immersion solutions of the polished d.Sign® 10 alloy treated with C. albicans 

induced significant increases (P<0.0001, P=0.0001, P=0.0023 and P<0.0001, 

respectively) in cellular toxicity as exposure time increased from 2 to 72 h. The C. 

dubliniensis-irQaiQd polished d.Sign®10 1 day (P=0.0001), 5 day (P=0.0001), 9 day 

(P=0.0001) and 14 day (P=0.0076) immersion solutions showed significant increases 

in cellular toxicity were evident with increasing exposure time (Table 4.3.35).
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The pooled TR146 cellular toxicity results following indirect exposure to the oral 

microorganism-treated polished d.Sign® 10 immersion solutions were investigated to 

determine the effects o f increasing immersion duration (1-14 day) using linear 

regression analyses. Increasing immersion durations induced significant increases in 

cellular toxicity for the S. mutans (P<0.0001), C. albicans (P<0.0001) and C. 

dubliniensis (P<0.0001)-treated polished d.Sign® 10 immersion solutions.

Statistical Analyses

The two-way ANOVA (dental casting alloy x oral microorganism) highlighted a 

significant increase (P<0.0001) in cellular toxicity by the oral microorganism-treated 

polished d.Sign® 10 immersion solutions (Table 4.3.36). The Tukey’s post-hoc tests 

showed S. mutans (P<0.0001), C. albicans (P<0.0001) and C. dubliniensis 

(P<0.0001)-treated polished immersion solutions elicited significant increases in 

cellular toxicity compared with the Triton-X treated control TR146 cells (Table 

4.3.37). A significant effect (P=0.7930) in the inducement o f cellular toxicity from the 

TR146 cells was not evident between the polished immersion solutions pre-treated 

with C. albicans and C. dubliniensis.
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Day Equation of the Line P value df

Control - y=-0.4x + 99.3 0.1519 0.2000 10

S. mutans 1 y=20.1x-21.6 0.8011 0.0001 10

5 y=17.9x-4 .8 0.9003 <0.0001 10

9 y=19.7x + 4.5 0.9648 <0.0001 10

14 y=15.4x + 32.4 0.9062 <0.0001 10

C. albicans 1 y=5.8x-2 .1 0.9275 <0.0001 10

5 y=6.1x -  1.6 0.8769 0.0001 10

9 y=5.8x+ 19.1 0.6211 0.0023 10

14 y=l 1.2x + 6.6 0.9562 <0.0001 10

C. duhliniensis 1 y=3.2x + 5.2 0.7943 0.0001 10

5 y=8.9x + 3.7 0.8185 0.0001 10

9 y=9.6x + 7.8 0.7848 0.0001 10

14 y=2.3x + 31.7 0.5263 0.0076 10

Table 4.3.35 Comparison of the linear regression analysis data (equation of the line, r ,̂ P values and df) for the cellular toxicity results of the 

Triton-X treated control TR146 cells and following indirect exposure to the 1, 5, 9 and 14 day immersion solutions o f the polished d.Sign® 10 

immersion solutions pre-treated with the oral microorganisms S. mutans, C. albicans and C. duhliniensis at 2, 24, 48 and 72 h (exposure time).



Between-Siii>|ects Factois

Value Label N
Alloy 1.00 Contrul 12

2.00 dSign30 144
Strain 1,00 Control 12

2.00 8 .m utans 48
3 00 C a lb icans 48
4.00 C.

dubiiniensi
8

48

Tests of Betweeii-Sublects Effects

D ep en d en t Variable: LDH

Source
Type IH Sum  
of S q u a res df Mean S q u are F SIg

C orrected Model 63590.832* 3 21196.944 62,569 -000
intercept 233373.319 1 233373 319 688,874 000
Alloy .000 0
Strain 16972.356 2 8486,178 25.050 .000
Alloy* Strain .000 0
Error 51493 838 152 338 775
Total 339744 117 15S
C orrected Total 115084.670 155

a, R S q u ared  = .553 (Adjusted R S q u ared  = .544)

Table 4.3.36 One-way ANOVA o f the pooled cellular toxicity results for the Triton- 

X treated control TR146 cells and following indirect exposure to the S. mutans, C. 

albicans and C. dubliniensis (Strain)-treated polished d.Sign® 10 immersion solutions.

M trtliple C ori)p<> (isoiis

D ep en d en t Variable; LDH 
TukeyHSD______________

(1) Strain (J) Strain

M ean
DitTerence

(W) Std Error Sig.
95% Confidence Interval

Lower Bound U pper Bound
Control S .m utans 49,6515* 6,94046 .000 34,2200 65,0829

C a lb icans 74 2185* 5 94046 .000 58.7871 89,6500
O .dublin lensis 70.7515* 5,94046 .000 55.3200 86,1829

S .m utans Control -49.6515* 5 94046 ,000 -65.0829 -34.2200
C .albscans 24 5671* 3,75708 ,000 14.8074 34.3268
C .dubiin iensis 21,1000* 3.75708 ,000 11-3403 30.8597

C alb icans Control -74 2185* 5 94048 000 -89,6500 -5 87871
S .m utans -24.5671* 3,75708 000 -34 3268 •14.8074
C .dubiin iensis -3.4671 3.75708 ,793 -13,2268 6,2926

C .dub lin iensis Control -70,7515* 5.94046 ,000 -86,1829 -55.3200
S .m utans -21,1000* 3,75708 .000 -30,8597 -11.3403
C .alb icans 3 4671 3,75708 .793 -6,2926 13,2268

B a se d  on o b sen red  m ea n s .

* The m e a n  difference is significant at the  .05 level.

Table 4.3.37 Tukey’s post-hoc tests o f the pooled cellular toxicity results for the 

Triton-X treated control TR146 cells and following indirect exposure to the S. mutans, 

C. albicans and C dubliniensis (Strain)-treated polished d.Sign®10 immersion 

solutions.
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d.Sign® 15

Linear regression analyses performed on the cellular toxicity results following indirect 

exposure o f the TR146 cells to the S. mutans-treated polished d.Sign® 15 immersion 

solutions showed significant increases in cellular toxicity for 1 day (P<0.0001), 5 day 

(P=0.0001), 9 day (P<0.0001) and 14 day (P<0.0001) immersion duration as exposure 

time increased from 2-72 h were evident. The C. albicans-treated polished d.Sign® 15 

1, 5, 9 and 14 day immersion solutions induced significant increases (P=0.0004, 

P<0.0001, P=0.0001 and P=0.0001, respectively) with increasing exposure time. The 

immersion solutions o f the polished d.Sign® 15 immersion solutions treated with C. 

dubliniensis exhibited significant increases in cellular toxicity (1 day (P=0.0110), 5 

day (P=0.0001), 9 day (P=0.0032) and 14 day (P<0.0001)) as exposure time increased 

(2-72 h) (Table 4.3.38).

Linear regression analyses on the pooled cellular toxicity results were performed 

following indirect exposure o f the TR146 cells to the oral microorganism-treated 

polished d.Sign®15 immersion solutions to determine the effect o f increasing 

immersion duration (1-14 day). Significant increases in TR146 cellular toxicity were 

observed with increasing immersion durations o f the S. mutans (P<0.0001), C. 

albicans (P<0.0001) and C. dubliniensis (P<0.0001)-treated polished d.Sign® 15 

immersion solutions from 1 to 14 day.

Statistical Analyses

The two-way ANOVA (dental casting alloy x oral microorganism) highlighted a 

significant increase (P=0.0001) in cellular toxicity induced by the oral 

microorganism-treated polished d.Sign® 15 immersion solutions (Table 4.3.39). The 

Tukey’s post-hoc tests showed the S. mutans, C. albicans and C. dubliniensis pre

treatment o f the polished d.Sign® 15 immersion solutions elicited significant increases 

(P<0.0001, P<0.0001 and P<0.0001, respectively) in cellular toxicity compared with 

the Triton-X treated control TR146 cells (Table 4.3.40). No significant difference 

(P=0.2450) in the increase o f cellular toxicity was evident for the polished d.Sign® 15 

immersion solutions pre-treated with C. albicans or C. dubliniensis.
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Day Equation of the Line P value df

S. mutans 1 y=-13.1x-0 .2 0.9832 <0.0001 10

5 y=6.3x + 34.8 0.7962 0.0001 10

9 y=7.3x + 48.2 0.9360 <0.0001 10

14 y=-5.5x + 72.5 0.9650 <0.0001 10

C. albicans 1 y=5.9x+ 1.2 0.7287 0.0004 10

5 y=7.3x+ 1.9 0.9451 <0.0001 10

9 y=8.1x + 14.4 0.8130 0.0001 10

14 y=6.9x+ 18.5 0.8130 0.0001 10

C. dubliniensis 1 y=1.9x+ 17.5 0.4922 0.0110 10

5 y=8.2x + 6.5 0.7820 0.0001 10

9 y=5.1x + 23.2 0.5669 0.0032 10

14 y=10.6x + 19.9 0.8339 <0.0001 10

2
Table 4.3.38 Comparison of the linear regression analysis data (equation of the line, r , P values and df) for the cellular toxicity results of the 

Triton-X treated control TR146 cells and following indirect exposure to the 1, 5, 9 and 14 day immersion solutions of the polished d.Sign®15 

immersion solutions pre-treated with the oral microorganisms S. mutans, C. albicans and C. dubliniensis at 2, 24, 48 and 72 h (exposure time).



B«twe«n-Siibiects Factors

Value Label N
Alloy 1.00 Control 12

2.00 d S tgnIS 144
Strain 1.00 Control 12

2.00 S .m utans 48
3.00 0 .a lb icans 48
4.00 C.

dubliniensi
s

48

T ests of Betw0eii-Sitf»iects Effects

D ependen tV ariab le : LDH

S ource
Type III Sum  
o fS q u a re s df M ean Square F Sig.

C orrected Model 65919 060^ 3 21973,020 86.284 .000
Intercept 268883.758 1 268883.758 1055.861 .000

Alloy .000 0
Strain 28054 697 2 14027.349 55.083 .000
Alloy‘ Strain .000 0
Error 38708 044 152 254.658
Total 404773 367 156
C orrected Total 1 0 4 6 2 7 1 0 4 155

a. R S q u ared  = .630 (Adjusted R S q u ared  = .623)

Table 4.3.39 One-way AN O V A o f  the pooled cellular toxicity results for the Triton- 

X treated control TR146 cells and following indirect exposure to the S. mutans, C. 

albicans and C. dubliniensis (Strain)-treated polished d.Sign® 15 immersion solutions.

Miittiple C o inp iiiiso iis

D ep en d en tV ariab le  LDH 
TukeyHSD______________

(1) Strain (J) Strain

Mean
Difference

(l-J) Std Error Sip
95%  Confidence Interval

Lower Bound U pper Bound
Control S .m utans 39.0431* 5.15043 ,000 26.6640 52,4223

C .alb icans 71.2260* 5.15043 .000 57.8469 84,6052
C .dublin iensis 65.1298* 5.15043 .000 51,7506 78,5089

S m u tan s Control -39.0431* 5.15043 000 -52 4223 -25.6640
C .alb icans 32,1829* 3,25742 000 2 3 7 2 1 2 40.6446
C .dublin iensis 26.0867* 3.25742 000 17 5249 34,5484

C alb icans Control -71.2260* 5,15043 .000 -84.6052 -57.8469
S .m u tan s -32 .1829’ 3,25742 .000 -40,6446 -23.7212
C .dublin iensis -8.0962 3.25742 .245 -14,5580 2,3655

C.dublin iensis Control -65.1298* 5,15043 000 -78,5089 -51.7506
S .m u tan s -26.0867* 3,25742 .000 -34 5484 -17.6249
C .alb icans 6.0962 3.25742 .245 -2,3655 14.5580

B ased  on o b se rv ed  m ear^s.

*■ The m e a n  difference is significant at the .05 level

Table 4.3.40 Tukey’s post-hoc tests o f  the pooled cellular toxicity results for the 

Triton-X treated control TR146 cells and following indirect exposure to the S. mutans, 

C. albicans  and C. dubliniensis (Strain)-treated polished d.Sign® 15 immersion 

solutions.
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d.Sign®30

Linear regression analyses o f the cellular toxicity data following indirect exposure o f 

the TR146 cells to the polished d.Sign®30 immersion solutions pre-treated with S. 

mutans highlighted significant increases for the 1 day (P<0.0001), 5 day (P<0.0001) 

and 14 day (P<0.0001) immersion duration but not (P=0.1929) for the 9 day 

immersion duration as exposure time increased. The C. a/^/con^-treated polished 

d.Sign®30 immersion solutions elicited significant increases for the 1 (P=0.0002) and 

14 (P=0.0001) day immersion solutions but not for the 5 (P=0.0551) and 9 (P=0.3148) 

day immersion solutions. The regression analyses o f the C. dubliniensis-XxQa.\.Qdi 

polished d.Sign®30 1, 5 and 9 day immersion solutions showed significant increases 

(P=0.0152, P=0.0013 and P<0.0001, respectively)) in cellular toxicity were evident as 

exposure time increased, however, no significant increase (P=0.3378) was evident for 

the 14 day immersion solution (Table 4.3.41).

Linear regression analyses were used to investigate the effects o f increasing the oral 

microorganism-treated polished d.Sign®30 alloy immersion durations from 1-14 days 

on cellular toxicity. Increasing the immersion duration o f the S. mutans, C. albicans 

and C. dubliniensis-treaied polished d.Sign®30 immersion solutions highlighted 

significant increases (P<0.0001, P<0.0001 and P<0.0001, respectively) in cellular 

toxicity.

Statistical Analyses

The two-way ANOVA (dental casting alloy x oral microorganism) showed a 

significant increase (P=0.0001) in cellular toxicity was induced by the oral 

microorganism-treated polished d.Sign®30 immersion solutions (Table 4.3.42). The 

Tukey’s post-hoc tests showed the S. mutans, C. albicans and C  dubliniensis pre

treatment o f the polished d.Sign®30 immersion solutions elicited significant increases 

(P<0.0001, P<0.0001 and P<0.0001, respectively) in cellular toxicity compared with 

the Triton-X treated control TR146 cells (Table 4.3.43). Significant differences in the 

increase o f  cellular toxicity were observed for the polished d.Sign®30 immersion 

solutions pre-treated with C. dubliniensis compared with S. mutans (P=0.4110) and C. 

albicans (P=0.1210).
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Day Equation of the Line P value df

S. mutans 1 y=1.7x + 2.6 0.8999 <0.0001 10

5 y=3.6x + 6.9 0.8695 <0.0001 10

9 y=1.5x+ 11.9 0.1631 0.1929 10

14 y=5.1x+ 10.6 0.8438 <0.0001 10

C. albicans 1 y=2.4x -  0.9 0.7765 0.0002 10

5 y = l.lx  + 5.6 0.3201 0.0551 10

9 y=0.7x+ 12.5 0.1007 0.3148 10

14 y=3.9x + 5.6 0.7967 0.0001 10

C. dubliniensis 1 y=2.2x + 0.3 0.4606 0.0152 10

5 y=3.2x + 2.5 0.6596 0.0013 10

9 y=2.9x + 8.6 0.8381 <0.0001 10

14 y=0.7x+ 17.4 0.0921 0.3378 10

Table 4.3.41 Comparison of the linear regression analysis data (equation of the line, r ,̂ P values and df) for the cellular toxicity results of the 

Triton-X treated control TR146 cells and following indirect exposure to the 1, 5, 9 and 14 day immersion solutions of the polished d.Sign®30 

immersion solutions pre-treated with the oral microorganisms S. mutans, C. albicans and C. dubliniensis at 2, 24, 48 and 72 h (exposure time).



B«tw een-Stib|ects Factors

Value Label N
Alloy 1.00 Control 12

2.00 dSign30 144
Strain 1.00 Control 12

2.Q0 S .m utans 4a
3,00 C .alb icans 48
4.00 C.

dublinlensi
s

48

Tests of Betweeii-Siihjects Effects

D ependent Variable: LDH

Source
Type III Sum  
of S q u a res df M ean S q u are F Sig.

Corrected Model 79894 3 2 7 ' 3 26631.442 675.953 .000
Intercept 139726.730 1 139726.730 3546.611 .000
AJIoy .000 0
Strain 566.982 2 283,491 7,196 ,001
Alloy‘ Strain 000 0
Error 5988.552 152 39,398
Total 146526 614 156
Corrected Total 85882 879 155

a R S q u ared  = .930 (Adjusted R S q u ared  = .929)

Table 4.3.42 One-way ANOVA o f the pooled cellular toxicity results for the Triton- 

X treated control TR146 cells and following indirect exposure to the S. mutans, C. 

albicans and C  dubliniensis (Strain)-treated polished d.Sign®30 immersion solutions.

Multiple Coiiipiii Isons

D ep en d en t Variable: LDH 
TukeyH SD ______________

(1) Strain fj) Strain

Mean
Difference

(l-J) Std. Error SIg.

95% Confidence inteival

Lower Bound U pper Bound
Control S .m utans 82.3523’ 2.02583 .000 77,0898 87 6148

C .alb icans 87,1871- 2.02583 ,000 81.9246 92,4495
C .dubliniensis 84.3375* 2.02583 .000 79,0750 89.6000

S m u tan s Control -62.3623* 2.02583 ,000 -87,6148 -77,0896
C .alb icans 4 8348* 1.281 25 .001 1.5065 8.1631

C .dubliniensis 1.9852 1.28125 ,411 •1.3431 5.3135
C .alb icans Control ■87.1871* 2.02583 ,000 -92,4495 -81.9246

S ,m utans -4,8348* 1.28125 .001 ■8,1631 -1 5065
C .dubltn iensis •2,8498 1.28125 ,121 -6 1 7 7 9 4787

C.dublin iensis Control -84.3375* 2.02583 ,000 -89,6000 -79.0750
S .m utans -1.9852 1.28125 .411 -5.3135 1.3431
C .alb icans 2,8496 1.28125 ,121 - 4787 6,1779

B a se d  on o bserved  m e a n s

* The m ea n  difference is  significant at the .06 level.

Table 4.3.43 Tukey’s post-hoc tests o f the pooled cellular toxicity results for the 

Triton-X treated control TR146 cells and following indirect exposure to the .S. mutans, 

C. albicans and C. dubliniensis (Strain)-treated polished d.Sign®30 immersion 

solutions.
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Preliminary Remarks

• Significant increases (P<0.0001) in cellular toxicity were evident for the oral 

microorganism-treated polished d.Sign® 10, d.Sign® 15 and d.Sign®30 immersion 

solutions compared with the Triton-X treated control TR146 cells.

• Increasing the immersion duration from 1 to 14 days elicited significant 

increases in cellular toxicity for the S. mutans, C. albicans and C  dubliniensis-XxQdXQd 

polished d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (?<0.0001) 

immersion solutions.

• The S. mutans, C. albicans and C dubliniensis oral microorganisms used to 

pre-treat the polished d.Sign® 10, d.Sign® 15 and d.Sign®30 dental casting alloys 

induced significant increases (P<0.0001, ?<0.0001 and ?<0.0001, respectively) in 

cellular toxicity compared with the Triton-X treated control TR146 cells.

ICP-MS

The S. mw/an5-treated polished Ni-based (d.Sign® 10 and d.Sign® 15) disc-shaped 

specimens leached increasing nickel levels over the 14 day immersion period with 

maximum levels detected o f 418.9 and 455.8 |ig/L, respectively. Chromium was 

detected in the polished d.Sign®10 and d.Sign®15 immersion solutions up to 52.3 and 

54.0 |J.g/L, respectively over the immersion duration (1-14 day). The Co-Cr 

(d.Sign®30) polished dental casting alloy released chromium (169.18 |ag/L), iron (85.4 

|ig/L), cobalt (52.1 |ig/L) and copper (65.8 |ig/L) over the 14 day immersion period 

(Table 4.3.44).

Preliminary Remarks

• The S. mutans-ixtdAQd polished dental casting alloys released high levels o f 

metal ions into the immersion solutions from 1 day to 7 days to 14 days.

• The amount o f metal ions increased as the immersion duration increased from 

1-14 day.
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Alloy Day Ni Cr Mo Fe Co Cu

d.Sign®10 1 104.5 26.04 8.1 97.3 - 302.5

7 278.6 25.9 38.5 138.1 - 288.6

14 418.9 52.3 79.2 185.6 - 326.4

d.Sign®15 1 214.6 38.5 18.5 142.1 - 382.6

7 345.8 51.0 37.7 235.8 - 388.1

14 455.8 54.1 62.1 294.5 - 419.9

d.Sign*30 1 - 49.8 - 38.5 19.6 18.6

7 - 94.7 - 65.1 35.3 35.2

14 - 169.1 - 85.4 52.1 65.8

Table 4.3.44 ICP-MS analysis of the 1 ,7  and 14 day immersion solutions for the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped 

specimens pre-treated with the microorganisms S. mutans. Values are given in |ig/L.



4.3.7 Comparative Analyses: With Oral Microorganism Treatment versus 

Without Oral Microorganism Treatment

The cellular responses o f the TR146 cell monolayer structure following direct 

exposure to the dental casting alloys and indirect exposure to the alloy immersion 

solutions with or without oral microorganism treatment were compared statistically to 

investigate the effect o f oral microorganism treatment on the cell density 

measurements, the expression o f inflammatory cytokines, cellular metabolic activity 

and cellular toxicity analysis.

Cell Density 

Direct Exposure

Pooling o f  the cell density measurements following direct exposure o f the TR146 

cells to the dental casting alloys treated with S. mutans, C. albicans or C  dubliniensis 

oral microorganisms or without oral microorganism treatment highlighted that 

treatment o f the alloys elicited significantly decreased (P<0.0001, ?<0.0001 and 

P<0.0001, respectively) cell density measurements compared with the non-treated 

alloys using student’s t-test analyses as shown in Tables 4.3.45, 4.3.46 and 4.3.47, 

respectively. Individual student’s t-test’s were performed for S. mw/ara-treated 

d.Sign®10 (P=0.0040), d.Sign®15 (P=0.0070) and d.Sign®30 (P<0.0001) dental 

casting alloys following direct exposure compared with the non-treated alloys. 

Significant decreases in TR146 cell density measurements were observed following 

direct exposure to the C. albicans-XrcdXQd d.Sign®10 (P<0.0001), d.Sign®15 

(P^O.OOOl) and d.Sign®30 (P<0.0001) dental casting alloys compared with the non- 

treated alloys. The C. dubliniensis-VccaitdL dental casting alloys (d.Sign® 10 

(P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001)) elicited significant 

decreases in cell density measurements following direct exposure to the TR146 cells 

compared with the non-treated alloys. The individual student’s t-test analyses are 

available in the Appendices.

261



Oiie-S<nnple Sti^istics

N M ean Std. Deviation
Std. Error 

Mean
CellD ensity 72 94217.67 159078.32586 18747,56

One-S<iiii|>le T est

T est Value = 0
95%  Confidence 

interval of the 
Difference

t df Sig. (2-taiied) Difference Lower U pper
CeilDensity 5 026 71 000 94217.667 56836.09 131599.2

Table 4.3.45 A student’s t-test comparison o f the pooled cell density measurements 

following direct exposure to the S. mutans-lrQaied d.Sign® 10, d.Sign®15 and 

d.Sign®30 dental casting alloys or without oral microorganism treatment.

Oii«-S.iinple Statistics

N M ean Std. Deviation
Std. Error 

M ean
CeilDensity 72 123036-1 163597.06074 19280.10

O n e-S an tp ie  Test

T e s tv a iu e  = 0

t df Sig C2-tailed)
M ean

Difference

95%  Confidence 
Interval of the 

Difference

Lower Upper
CeilDensity 6,382 71 000 123036.07 84592,64 161479,5

Table 4.3.46 A student’s t-test comparison o f the pooled cell density measurements 

following direct exposure to the C. alhicans-treated d.Sign® 10, d.Sign® 15 and 

d.Sign®30 dental casting alloys or without oral microorganism treatment.

Otie-Sainpie Sttitistics

N Mean Std Deviation
Std. Error 

M ean
CeilDensity 72 103949.3 155903.85005 18373 44

Test

TestV a{ue = 0

t df Sig (2-tailed)
M ean

Difference

95%  Confidence 
Interval of the 

Difference
Lower U pper

CeilD ensity 5,658 71 .000 103949.33 67313,72 140584.9

Table 4.3.47 A student’s t-test comparison o f the pooled cell density measurements 

following direct exposure to the C. dubliniensis-treated d.Sign® 10, d.Sign® 15 and 

d.Sign®30 dental casting alloys or without oral microorganism treatment.
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Indirect Exposure

The cell density measurements were pooled following indirect exposure o f the TR146 

cells to the d.Sign®10, d.Sign®15 and d.Sign®30 immersion solutions treated with or 

without oral microorganisms and analysed using student’s t-test’s which showed 

significant decreases (P<0.0001, ?<0.0001 and P<0.0001, respectively) in the cell 

density measurements for the treated dental casting alloys compared with the non

treated alloy immersion solutions (Tables 4.3.48, 4.3.49 and 4.3.50, respectively). The 

individual student’s t-test analyses highlighted significant decreases in the cell density 

measurements following indirect exposure o f the TR146 cells to the d.Sign® 10 

immersion solutions treated with S. mutans (P<0.0001), C  albicans (P<0.0001) and 

C. dubliniensis (P<0.0001) compared with the TR146 cells following indirect 

exposure to non-treated alloy immersion solutions. Significant decreases in the TR146 

cell density measurements were also observed following indirect exposure to S. 

mutans (P<0.0001), C. albicans (P<0.0001) and C. dubliniensis (P<0.0001)-treated 

d.Sign® 15 immersion solutions compared with the non-treated alloy immersion 

solutions. The d.Sign®30 immersion solutions treated with S. mutans (P<0.0001), C. 

albicans (P<0.0001) and C. dubliniensis (P<0.0001) elicited significantly decreased 

TR146 cell density measurements following indirect exposure compared with the 

non-treated alloy immersion solutions. The individual student’s t-test analyses are 

available in the Appendices.

O iie S < in u » ie  S t^ itis tk s

N Mean Std. Deviation
Std. Error 

M ean
CellDensity 192 134777.0 128024 24681 9239.354

Oi)«S<iinple Test

T est V a lu e s  0

t df Sig (2 'tailed)
M ean

Difference

95% C onfidence 
Interval of the 

Difference
Lower U pper

CeltDenslty 14.587 191 .000 134777.03 116552.8 153001,3

Table 4.3.48 A student’s t-test comparison of the pooled cell density measurements 

following indirect exposure to the S. mutans, C. albicans and C. dubliniensis-\XQdiXQdi 

d.Sign®10 immersion solutions or the non-treated alloy immersion solutions.
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One-Sample Statistics

H Mean Std Deviation
Std, Error 

Mean
CellDensity 192 73162.85 73915.64135 5334.402

O tte-S^nple Test

Test Value = 0

t df Stg. (2-tailed)
Mean

Difference

95% Confidence 
Interval ofthe 

Difference
Lower Upper

CellDensity 13 715 191 .000 73162.849 6264094 83684.76

Table 4.3.49 A student’s t-test comparison o f the pooled cell density measurements 

following indirect exposure to the S. mutans, C. albicans and C. dubliniensis-tveaXed 

d.Sign®15 immersion solutions or the non-treated alloy immersion solutions.

Oi>e-Saii)ple St.itistics

N Mean Std Deviation
Std Error 

Mean
CellDensity 156 189520.8 125597 96478 10055.89

Oiie-Snnipte Test

Test Value = 0

I df Sig. (2-tailed)
Mean

Difference

95% Confidence 
Intefval ofthe 

Difference
Lower Upper

CeflDenslV 18.847 155 .000 189520.79 169656.5 209385,1

Table 4.3.50 A student’s t-test comparison o f the pooled cell density measurements 

following indirect exposure to the S. mutans, C. albicans and C. dubliniensis-XxtdA.Qd 

d.Sign®30 immersion solutions or the non-treated alloy immersion solutions.

Expression o f Inflammatory Cytokines 

IL -la

Pooling o f  IL -la  inflammatory cytokine expression levels elicited from the TR146 

cells following direct exposure o f the dental casting alloys and indirect exposure to 

the alloy immersion solutions with or without oral microorganism treatment 

highlighted the alloys with oral microorganism treatment induced a significant 

increase (?<0.0001) o f IL -la  inflammatory cytokine expression compared to the non- 

treated alloys when a student’s t-test was performed (Table 4.3.51). Individual 

student’s t-test analyses performed following S. mutans-irQaimtni o f the d.Sign® 10 

(P<0.0001), d.Sign®I5 (P<0.0001) and d.Sign®30 (P<0.0001) alloys highlighted 

significant increases in expression levels o f IL -la  inflammatory cytokine from the
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TR146 cells compared with the non-treated alloys. Significant increases in the 

expression o f IL -la  inflammatory cytokine from the TR146 cells were evident for the 

C. albicans-XxtdLiQd d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 

(P<0.0001) alloys compared with the non-treated alloys. The C. dubliniensis-XxQdiXQd 

d.Sign®10 (?<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001) alloys 

elicited significant increases in IL -la  inflammatory cytokine expression by the TR146 

cells compared with the non-treated alloys. The individual student’s t-test analyses are 

available in the Appendices.

Oiie-Sainple Stiitistics

N M ean Std. Deviation
Std, Error 

M ean
IL1a 72 2 8 3 .8 9 9 2 3 0V 9 6 1 5 7 35,58651

Oiie-Sample Test

T e s tV a lu e =  0

t df Sig, (2-tailed)
M ean

D ifference

95%  C o n fid en ce  
Interval of th e  

D ifference
Lov^er U p p er

iL la 7 978 71 000 2 8 3 ,8 9 9 2 2 21 2 ,9417 354  8567

Table 4.3.51 A student’s t-test comparison o f the pooled IL -la  inflammatory 

cytokine expression following direct exposure o f  the oral microorganism treated 

dental casting alloys and indirect exposure to the oral microorganism treated alloy 

immersion solutions compared with the non-treated alloys.

IL-8

The IL-8 inflammatory cytokine expression levels from the TR146 cells following 

direct exposure to the oral microorganism treated dental casting alloys and indirect 

exposure to the oral microorganism treated alloy immersion solutions compared with 

the non-treated alloys were analysed using a student’s t-test analysis which 

highlighted a significant increase (P<0.0001) in IL-8 inflammatory cytokines 

expression was evident for the oral microorganism treated alloys compared with the 

non-treated alloys (Table 4.3.52). The individual student’s t-test’s analyses 

highlighted S. mutans-ixcdXtd d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and 

d.Sign®30 (P=0.0001) alloys elicited significantly increased levels o f IL-8 

inflammatory cytokine expression from the TR146 cells compared with the non-
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treated alloys. Significant increases in IL-8 inflammatory cytokine expression from 

the TR146 cells were evident for the C. albicans-Xxea\.Qi\ d.Sign®10 (P<0.0001), 

d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001) alloys compared with the non

treated alloys. The C. dublmiensis-\XQ2Lie,di d.Sign® 10 (?<0.0001), d.Sign® 15 

(?<0.0001) and d.Sign®30 (P<0.0001) alloys elicited significantly increased 

expression levels o f  IL-8 inflammatory cytokine from the TR146 cells compared with 

the non-treated alloys. The individual student’s t-test analyses are available in the 

Appendices.

One-Sample Statistics

N Mean Std. Deviation
Std. Error 

Mean
IL8 73 691.3232 388.99149 45,52801

One-Siiii4>ie Test

Test Value = 0

t df Sig (2-talted)
Mean

Difference

95% Confidence 
Interval of the 

Difference
Lower Upper

IL8 15 185 72 000 691 32321 600.5648 782 0816

Table 4.3.52 A student’s t-test comparison o f  the pooled IL-8 inflammatory 

cytokine expression following direct exposure o f  the oral microorganism treated 

dental casting alloys and indirect exposure to the oral microorganism treated alloy 

immersion solutions compared with the non-treated alloys.

PGE2
A student’s t-test analysis highlighted the TR146 cells following direct exposure o f  

the dental casting alloys treated with the oral microorganisms and indirect exposure to 

the oral microorganism treated alloy immersion solutions or the non-treated alloys 

highlighted a significant increase (P<0.0001) in PGE2 inflammatory cytokine 

expression for the treated alloys compared with the non-treated alloys (Table 4.3.53). 

Individual student’s t-test analyses identified the S. mwtora-treated d.Sign® 10 

(P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (P=0.0002) alloys elicited  

significantly increased expression levels o f  PGE2 inflammatory cytokine from the 

TR146 compared with the non-treated alloys. The C. albicans-XrtaX^d d.Sign® 10 

(P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001) alloys elicited  

significantly increased PGE2 inflammatory cytokine expression from the TR146 cells
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compared with the non-treated alloys. C. dubliniensis-\x&?iiQ.d d.Sign®10 (P<0.0001), 

d.Sign® 15 (P<0.0001) and d.Sign®30 (?<0.0001) alloys elicited significantly 

increased expression levels of PGE2 inflammatory cytokine from the TR146 compared 

with the non-treated alloys. The individual student’s t-test analyses are available in the 

Appendices.

One-Sdtiiple St.itistics

N M ean Std Deviation
Std. Error 

Mean
PGE2 72 397 9216 270 98355 31.93572

Oiie-S<vi)pie T est

T est Value = 0

t df Sig. (2-tatled)
Mean

Difference

95%  Confidence 
Interval of the 

Difference
Lower U pper

PGE2 12 460 71 .000 397,92157 334 2436 461.5996

Table 4.3.53 A student’s t-test comparison of the pooled PGE2 inflammatory 

cytokine expression following direct exposure of the oral microorganism treated 

dental casting alloys and indirect exposure to the oral microorganism treated alloy 

immersion solutions compared with the non-treated alloys.

TNF-a

The TNF-a inflammatory cytokine expression levels from the TR146 cells following 

direct exposure to the oral microorganism treated dental casting alloys and indirect 

exposure to the oral microorganism treated alloy immersion solutions were pooled 

and compared with the non-treated alloys using a student’s t-test analysis which 

showed a significant increase (P<0.0001) in TNF-a inflammatory cytokine expression 

was evident for the treated alloys compared with the non-treated alloys (Table 4.3.54). 

Individual student’s t-test analyses were performed on TNF-a inflammatory cytokine 

expression levels from the TR146 cells elicited by the S. wwtora-treated d.Sign® 10 

(P=0.0002), d.Sign®15 (P<0.0001) and d.Sign®30 (P=0.0100) alloys which were 

significantly increased compared with the non-treated alloys. The C. a/^/cort^-treated 

d.Sign®10 (P=0.0050), d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001) alloys 

induced significantly increased expression of TNF-a inflammatory cytokine compared 

with the non-treated alloys. Significant increases in TNF-a inflammatory cytokine 

expression from the TR146 cells were evident for the C  dubliniensis-XxQaXcdi
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d.Sign®10 (P=0.0030), d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001) alloys 

compared with the non-treated alloys. The individual student’s t-test analyses are 

available in the Appendices.

Oiie-S<iini>te Sl<itistics

N Mean Std- Deviation
SW, Error 

Mean
TNFa 72 342.7032 255.51066 30.11222

Otie-S«iiiipie Test

Test V a lu e r  0

t df Sig (2-tai!ed)
Mean

Difference

95%  Confidence 
Inten^^l of the 

Difference
Lower U pper

TNFa 11.381 71 ,000 3 4 2 7 0 3 1 8 282.6611 402 7452

Table 4.3.54 A student’s t-test comparison o f the pooled TNF-a inflammatory 

cytokine expression following direct exposure o f the oral microorganism treated 

dental casting alloys and indirect exposure to the oral microorganism treated alloy 

immersion solutions compared with the non-treated alloys.

Cellular Metabolic Activity

The cellular metabolic activity results were pooled following indirect exposure o f  the 

TR146 cells to the oral microorganism treated d.Sign®10 (P<0.0001), d.Sign®15 

(P<0.0001) and d.Sign®30 (P<0.0001) immersion solutions or indirect exposure to the 

non-treated alloy immersion solutions and compared using a student’s t-test analysis, 

which showed significant decreases in cellular metabolic activity were evident for the 

treated alloy immersion solutions compared with the non-treated alloy immersion 

solutions ((Tables 4.3.55, 4.3.56 and 4.3.57, respectively)). The individual student’s t- 

test’s highlighted S. mutans-treaXed d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and 

d.Sign®30 (P<0.0001) immersion solutions elicited significant decreases in TR146 

cellular metabolic activity compared with the non-treated alloy immersion solutions. 

C. albicans-treated d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 

(P<0.0001) immersion solutions elicited significant decreases in the cellular metabolic 

activity o f the TR146 cells compared with the non-treated alloy immersion solutions. 

Significant decreases in the cellular metabolic activity o f the TR146 cells were 

observed for the C. dublmiensis-treated d.Sign®10 (P=0.0030), d.Sign®15 (P<0.0001)
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and d.Sign®30 (P<0.0001) alloys compared with the non-treated alloys. The 

individual student’s t-test analyses are available in the Appendices.

Oiie-Siiinpie StiiAistics

N M ean SW. Deviation
Sid. Error 

Mean
XTT 192 38.3926 74.71632 5.39219

Oiie-SoiDpte Test

T estV alue  = 0

t df Sig. (2-talled)
Mean

Difference

95%  Confidence 
Interval of the 

Difference

Lower U pper
XTT 7.120 191 ,000 38.39255 27.7567 49,0284

Table 4.3.55 A student’s t-test comparison o f  the pooled cellular metabolic data 

following indirect exposure o f the oral microorganism treated d.Sign® 10 immersion 

solutions compared with the non-treated d.Sign® 10 alloy immersion solutions.

Oue-$<iini>le St<iAistics

N Mean Sid. Deviation
Std. Error 

Mean
XTT 192 40 6781 25.72806 1.85676

Ofie-SAiiiple Te$1

T est Value = 0

t df Sig. (2-talled)
Mean

DilTerence

95%  Confidence 
Internal of the  

Difference
Lovt^er U pper

XTT 31,908 191 ,000 40,67807 37.0157 44,3405

Table 4.3.56 A student’s t-test comparison o f the pooled cellular metabolic data 

following indirect exposure o f the oral microorganism treated d.Sign® 15 immersion 

solutions compared with the non-treated d.Sign® 15 alloy immersion solutions.
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O iieSaniple St<iti$ttcs

N Mean Std. Deviation
Std, Error 

Mean
m 192 10.5719 7.45954 .53835

O t i e - S a f i i p i e  T e $ t

T est Value = 0

t df 8ig, (2-tailed)
Mean

DitTerence

95%  Confidence 
Interv^al of the 

DitTerence
Lower Upper

XTT 19,638 191 .000 10.57185 9,6100 11,6337

Table 4.3.57 A student’s t-test com parison o f  the pooled cellu lar m etabolic data 

follow ing indirect exposure o f  the oral m icroorganism  treated d.Sign®30 im m ersion 

solutions com pared w ith the non-treated d.Sign®30 alloy im m ersion solutions.

Cellular Toxicity

The cellular toxicity levels follow ing indirect exposure o f  the TR 146 cells to the oral 

m icroorganism  treated d.Sign®10, d.Sign®15 and d.Sign®30 im m ersion solutions or 

indirect exposure to the non-oral m icroorganism  treated alloy im m ersion solutions 

w ere pooled and analysed using a student’s t-test analysis w hich show ed a significant 

increase (P<0.0001) in the release o f  LDH from  the T R I46  cells for the treated alloy 

im m ersion solutions com pared w ith the non-treated alloy im m ersion solutions (Tables 

4.3.58, 4.3.59 and 4.3.60, respectively). Individual student’s t-test’s perform ed for the 

S. mutans-XxQdXQd d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 

(P<0.0001) alloy im m ersion solutions also identified significant increases in cellular 

toxicity levels o f  the TR 146 cells com pared w ith the non-treated alloy im m ersion 

solutions. The C. a/6/can5-treated d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and 

d.Sign®30 (P<0.0001) alloy im m ersion solutions elicited significant increases in the 

levels o f  LD H  release com pared w ith the non-treated alloy im m ersion solutions. 

Significant increases in the cellu lar toxicity levels o f  the TR146 cells w ere observed 

for the C. dubliniensis-\XQ2L\.td d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and 

d.Sign®30 (P<0.0001) alloy im m ersion solutions com pared w ith the non-treated alloy 

im m ersion solutions. The individual student’s t-test analyses are available in the 

A ppendices.
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Oiie-S<nit|>i« Stiitistics

N Mean Std Deviation
Std. Error 

Mean
LDH 192 33.1641 23.93855 1.73195

OneSaiiipie Test

l8 S tV a lu e  = Q

t df Sig (2-tai!8d)
Mean

Difference

95%  Confidence 
Inten/al of the 

Difference
Lower U pper

LDH 19,148 191 .000 33.16411 29.7479 36.5803

Table 4.3.58 A student’s t-test comparison o f the pooled cellular toxicity levels 

following indirect exposure o f the oral microorganism treated d.Sign® 10 immersion 

solutions compared with the non-treated d.Sign® 10 alloy immersion solutions.

Oiie-S<ifiH>le Statislics

N M ean Std. Deviation
Std Error 

Mean
LDH 192 40 6781 25.72805 1.85676

Oiie$<iinple Test

T est Value = 0

t df Sig. (2-lailed)
Mean

Difference

95% Confidence 
Interval of the 

Difference
Lower U pper

LDH 21 908 191 .000 40 87807 37.0157 44.3405

Table 4.3.59 A student’s t-test comparison o f the pooled cellular toxicity levels 

following indirect exposure o f the oral microorganism treated d.Sign® 15 immersion 

solutions compared with the non-treated d.Sign® 15 alloy immersion solutions.

One-Saiiipie St.itistics

N Mean Std Deviation
Std. Error 

Mean
LDH 132 10.5713 7.45954 53835

Oite-S<inipte Test

T estV alu e  = 0

I df Sig. (2-tailed)
Mean

Difference

95% Confidence 
Internal of the 

Difference
Lower U pper

LDH 19.638 191 .000 1 0 5 7 1 8 5 9.5100 11.6337

Table 4.3.60 A student’s t-test comparison o f the pooled cellular toxicity levels 

following indirect exposure o f the oral microorganism treated d.Sign®30 immersion 

solutions compared with the non-treated d.Sign®30 alloy immersion solutions.
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4.3.8 Summary

The findings o f  the current section o f the study demonstrated that the oral 

microorganism-treated polished dental casting alloys induced significant losses of 

biocompatibility following direct and indirect exposure to the 2D TR146 cell 

monolayer structures when cell morphology, cell density measurements, the 

expression o f inflammatory cytokines, cellular metabolic activity and cellular toxicity 

were investigated.

• The S. mutans, C. albicans and C. dubliniensis oral microorganisms enhanced 

the loss o f biocompatibility previously observed in Section 4.2 for the each o f the 

dental casting alloys.

• The effect o f S. mutans exposure to the polished dental casting alloy disc

shaped specimens was shown to significantly increase metal ion release over a 

fourteen day period compared with metal ion release from the non-5. ww/a«5-treated 

polished dental casting alloys (Section 4.2). Such a finding indicates the exacerbated 

release o f metal ions from S. ww/an^-treated polished dental casting alloys were a 

likely result o f the reduction in pH known to occur during the S. mutans growth phase.

• Given the occurrence o f oral carriage in the human population for the oral 

microorganisms investigated, in particular S. mutans, and the enhanced loss o f 

biocompatibility o f the TR146 cells observed following exposure to the non-precious 

polished dental casting alloys, the clinical implications for the stability o f  such 

restorations in the oral environment long-term are o f concern.

• A novel, human-derived, full-thickness and differentiated three-dimensional 

(3D) ‘oral mucosal m odel’ was subsequently developed to investigate muhiple 

responses to the dental casting alloys (Section 4,2) prepared in the clinically relevant 

polished surface finishing condition (Section 4.1) simultaneously with ‘real-tim e’ 

assessment capabilities which further support the clinical relevance o f the study.
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CHAPTER 5 DISCUSSION: 2D TR146 CELL MONOLAYERS

5.1 Influence of Alloy Surface Finishing Condition on Biocompatibility

The aim o f the current section of the study was to determine the effect of surface 

finishing condition on the biocompatibility of a commercially available Ni-based 

(d.Sign® 10) dental casting alloy. The rationale for the alloy selection was that a 

minimum chromium content (16-27.0 mass%) was advocated in the dental literature 

(Wylie et al., 2007; Huang, 2003; Acevedo et a l, 2001; Nelson et al., 1999; 

Bumgardner and Lucas, 1995,1994; Pourbaix, 1984; Sarker and Greener, 1973) as a 

result of the improved formation of protective chromium surface oxides and therefore 

corrosion resistance. However, the d.Sign®10 dental casting alloy is routinely used in 

dental laboratories for the production of crowns, short and long span bridges, posts 

and telescope crowns, yet the chromium content is below the minimum recommended 

at 12.7 mass% (Table 3.1). Consequently, the d.Sign®10 dental casting alloy was 

expected to be more susceptible to corrosion, more likely to release metallic ions into 

solution and thereby influence biocompatibility (Wylie et al., 2007).

The influence of surface finishing condition has rarely been investigated in the dental 

literature (Lin et al., 2008; Wylie et al., 2007; Huang et a l,  2004; Nelson et al., 

1999). A surface finishing condition equivalent to that used clinically was seldom 

used in biocompatibility evaluations (Wylie et a l,  2007). The majority of studies that 

investigated the biocompatibility of Ni-based dental casting alloys were performed on 

metal salt solutions (Curtis et al., 2007; Lewis et al., 2006; Trombetta et al., 2005; 

Wataha et al., 2004; Messer and Lucas, 2000, Messer et al., 1999) rather than the cast 

alloy disc-shaped specimens in the surface finish equivalent to the clinical condition 

(Wylie et al., 2007) as was conducted in the current study. In addition to employing 

metal salts, the majority of studies reported in the literature that investigated the 

biocompatibility of non-precious dental casting alloys used connective tissue 

(fibroblasts) (Issa et al., 2008; Turner et al., 2007; Wylie et al,. 2007; Ozen et al., 

2005; Taira et al., 2001; Messer et al., 1999; Messer and Lucas, 1999; Bumgardner 

and Lucas, 1995,1994) or epithelial tissue (keratinocytes) (Trombetta et al., 2005; 

Schmalz et al., 2000). Tissue type was an unexpected finding as epithelial tissue is the 

primary tissue type encountered by metal ions in the oral environment, not connective
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tissue. The dental publications have also tended to focus on the response of human 

gingival fibroblasts to simplified salt solutions of metal ions which are assumed to 

represent the elemental make-up of dental casting alloys (Curtis et a l,  2007; Turner et 

al., 2007; Wataha et al., 2004). However, Messer and Lucas (2000) who investigated 

the responses o f gingival fibroblasts to metal ions concluded that the use o f simple 

salt solutions, as opposed to dental casting alloys that are used clinically, did not take 

into account the metallurgical composition with the associated complex mechanisms 

of metal ion release. Oral keratinocytes were therefore selected in the current study as 

oral keratinocytes are the primary in vivo target of nickel (Schmidt et al., 2010; Gazel 

et at., 2008; Ozen et al., 2005). Additionally, oral keratinocytes initiate both the 

antigen presenting immune responses and the inflammatory signals in nickel sensitive 

reactions (Gazel et a l, 2008). Therefore, the employment o f oral keratinocytes 

(TR146) was considered prudent by the author as being clinically representative 

predictors of biocompatibility for non-precious dental casting alloys which are 

routinely subjected to prolonged contact to the gingival epithelial tissues in situ.

The potential for Ni-based dental casting alloys to release and distribute leachable 

ions, associated with the alloy metallurgy or corrosion products, into the adjacent 

gingival tissues is critical in terms of performance in vivo (Wataha et al., 2001a). In 

addition, polishing should allow for the uptake of atmospheric oxygen by the exposed 

surface, thereby acting as a ‘nonconductive barrier’ to electron flow (Roach et al., 

2000). The surface finishing condition of the Ni-based dental casting alloy was 

therefore considered to be a critical factor with the reduction in surface roughness (Ra 

value) postulated by the author to be linked to a decrease in metallic ion leaching 

potential based on the ‘nonconductive barrier’ postulated by Roach et al. (2000).

Profilometrv

The surface roughness of the d.Sign® 10 dental casting alloys prepared to the alumina 

particle air abraded and polished surface finishing conditions were determined by 

profilometry. The profilometry highlighted that the Ra value (surface roughness) of 

the polished surface finishing condition was significantly decreased (P==0.0010) 

compared with the alumina particle air abraded surface finishing condition. The 

difference in the mean Ra values of the surface finishing conditions resulted from the 

use of alumina particle air abrasion to separate the residual investment material from

274



the d.Sign® 10 disc-shaped specimens. Subsequent polishing o f  the disc-shaped 

specimens, in order to attain the clinically relevant surface finishing condition, was 

responsible for the thirty-fold reduction in the mean Ra value (Table 4.1.1). Such a 

finding suggested that the polished surface should therefore possess a greater 

‘nonconductive barrier’ to electron flow from the uptake o f atmospheric oxygen by 

the exposed surface during polishing in accordance with the findings o f Roach et al. 

(2000). Consequently, further investigations into the influence o f surface finishing 

condition o f the Ni-based d.Sign® 10 dental casting alloy on the biocompatibility of 

oral keratinocytes (TR146) were performed using multiple analyses.

ICP-MS

The accurate detection and quantification o f the metal ions released from the 

d.Sign® 10 alloy disc-shaped specimens (alumina particle air abraded and polished 

surface finishing conditions) analysed in the current study was performed using ICP- 

MS analysis. The ICP-MS analysis technique is a modification o f  Mass Spectrometry 

(MS) which is capable o f determining a range o f metals present in solutions at 

concentrations below one part in lO'^. The ICP-MS analysis for the 14 day immersion 

solutions for both surface finishing conditions determined that the polished alloy 

d.Sign®10 disc-shaped specimens released higher levels o f nickel (<361.8 ng/L), 

molybdenum (<86.7 |^g/L), iron (<106.5 |ig/L) and copper (<240.7 |ig/L) into the 

immersion solution compared with the alumina particle air abraded (nickel (<105.2 

l^g/L), molybdenum (<36.6 |ag/L), iron (<49.6 |ig/L) and copper (<135.0 |ig/L)) disc

shaped specimens. The previous postulation o f the author that the surface finishing 

condition o f the Ni-based dental casting alloy was critical and linked to increased 

metal ion leaching potential was therefore accepted.

It was suggested previously by Roach et al. (2000) that the surface finishing condition 

o f Ni-based dental casting alloys was critical and linked to increased metal ion 

leaching potential, in that the polishing o f a Ni-based dental casting alloy surface 

should enhance the corrosion resistance potential due to the presence o f a superior 

‘nonconductive barrier’ compared with alumina particle air abrasion. However, it was 

established by ICP-MS that the polished surface finishing condition resulted in 

significantly increased metal ion eluent levels for the major alloying elements 

compared with the alumina particle air abraded surface finishing condition which
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conflicts with the Roach et al. (2000) study. This highlights the care dental 

laboratories need to take when finishing Ni-based dental casting alloys that are 

intended to be placed clinically in direct contact with the gingival and subgingival 

tissues for prolonged periods of time. The ICP-MS resuhs confirmed the findings of 

previous studies (Bumgardner and Lucas, 1995; Wataha et al., 1994; Bumgardner and 

Lucas, 1993; Pourbaix, 1984) which highlighted that metal ion release need not 

necessarily be proportional to the dental casting alloy composition. The presence of 

trace elements in the d.Sign®10 alloy composition (<1.0 mass%) was deemed 

significant with iron being detected at 49.6 and 106.5 \igfL in the 14 day immersion 

solutions for the alumina particle air abraded and polished disc-shaped specimens, 

respectively, notwithstanding the fact that iron is not included in the d.Sign®10 data 

sheet.

The assessment of metal ion release has been determined in a number of ways in the 

dental literature including quantifying the chemical composition of a small area 

(approximately 800 |j,m diameter) of the surface layer of the alloy by X-Ray 

Photoelectron Spectroscopy (XPS) (Lin et al., 2008; Huang, 2003,2002) and Auger 

Electron Spectroscopy (AES) (Huang, 2003,2002; Bumgardner and Lucas, 

1994,1993). Unfortunately, XPS and AES are semi-quantitative, could not estimate 

the oxide thickness and are limited by elemental distributions since the area chosen is 

assumed to be homogeneous (Lin et al., 2008; Hoflund et al., 1997). XPS was 

employed by Roach et al. (2000) to investigate the oxide thickness of as-cast and 

polished Ni-based dental casting alloys with a chromium content o f <14 mass% and a 

molybdenum content o f <9 mass%. The authors concluded that polishing enhanced 

the surface oxide composition and subsequent corrosion behaviour of the alloys 

compared with the as-cast surface finishing condition (Roche et al., 2000). 

Accordingly, the d.Sign® 10 dental casting alloy employed in the current study had a 

chromium and molybdenum content of 12.6 and 8.0 mass%, respectively, and 

therefore should theoretically possess a reduced metal ion leaching potential based on 

the ‘non-conductive barrier’ proposed by Roach et al. (2000). X-Ray Diffraction 

(XRD) has been performed to enable determination of the phase composition of the 

bulk alloy specimens. However, XRD is more useful in highlighting changes in the 

bulk composition following heat-treatments undertaken during porcelain fusion (Lin 

et al., 2008; Wylie et al., 2007; Huang, 2003).
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Alternative analyses employed to assess metal ion release include Atomic Absorption 

Spectroscopy (AAS) where operators rely on standards for each element o f interest 

prior to performing absorbance readings from the immersion solutions to determine 

the metal ion concentrations released in parts per billion (Bumgardner and Lucas, 

1995; W ataha et al., 1994; Bumgardner and Lucas, 1993). The AAS technique has 

been successful in highlighting that metal ion release from dental casting alloys was 

not proportional to alloy composition (Bumgardner and Lucas, 1995; Wataha et al., 

1994; Bumgardner and Lucas, 1993; Pourbaix, 1984), however, the sensitivity o f the 

detection limits vary markedly between the metal ions investigated (Bumgardner and 

Lucas, 1995,1993). Unexpectedly in the current study high levels o f copper, crucially 

absent from the m anufacturers’ alloy data sheet (d.Sign® 10 data sheet), were detected 

at 135.0 and 240.4 |j,g/L in the 14 day immersion solutions for the alumina particle air 

abraded and polished disc-shaped specimens, respectively. This finding highlights that 

previous studies employing AAS for the identification and quantification o f metal 

ions (Bumgardner and Lucas, 1995; Wataha et al., 1994; Bumgardner and Lucas, 

1993; Pourbaix, 1984) may not necessarily provide a comprehensive evaluation o f the 

metal ion leaching patterns. Therefore, ICP-MS critically enables additional elements 

not previously considered to be present in the dental casting alloy to be identified and 

quantified. Other novel analyses employed for the assessment o f ion release for Ni- 

based dental casting alloys also include Laser-Ablation Inductively Coupled Plasma- 

Mass Spectrometry (LAICP-MS) (W ataha et al., 2001 a,b). Inductively Coupled 

Plasma-Atomic Emission Spectrometry (ICP-AES) (Qiu et al., 2011; Wylie et al., 

2007) and ICP-MS used in the current study. While LAICP-MS can assess the 

distribution o f ions in tissues, both ICP-AES and ICP-MS can assess ion release in 

immersion solutions with detection limits o f concentrations o f 0.04 g/mL and below 

one part in 10‘̂ , respectively, and therefore ICP-MS was chosen for the study due to 

the increased detection limit.

Cell Morphologv

The TR146 cells exhibited morphological alterations following direct (Figure 4.1.3) 

and indirect (Figure 4.1.4) exposure to the alumina particle air abraded and polished 

surface finishing conditions o f the d.Sign® 10 disc-shaped specimens at 48 h compared 

with the untreated control TR146 cells (Figure 4.1.3a). These observations were in 

contrast with the findings o f Bumgardner and Lucas (1995,1994) who investigated
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human gingival fibroblast morphology following direct exposure to Ni-based dental 

casting alloys at 24 h (Bumgardner and Lucas, 1994) and also at 24, 48 and 72 h 

(Bumgardner and Lucas, 1995). Bumgardner and Lucas (1995,1994) concluded that 

the alloy exposed gingival fibroblasts were morphologically similar to the untreated 

control gingival fibroblasts cells. In addition, Bumgardner and Lucas (1995,1994) 

identified normal spindle-shaped fibroblasts (similar to the untreated control gingival 

fibroblasts) following direct exposure to a Ni-based dental casting alloy which was 

not in agreement with the TR146 morphological alterations observed. In the current 

study, alterations in the TR146 morphology were manifest as a loss of TR146 cell 

symmetry and cell shrinkage with associated cell rounding compared with the 

untreated control TR146 cells following direct and indirect exposure to the d.Sign 10 

disc-shaped specimens for both surface finishing conditions investigated. While the 

current study exclusively reports alterations in the TR146 cell morphology following 

exposure to the Ni-based dental casting alloys, similar morphological changes were 

described by Bumgardner and Lucas (1995,1994) who reported human gingival 

fibroblastic monolayers undergoing cell rounding and a loss of cell attachment at 24 h 

(Bumgardner and Lucas, 1994) and also at 24, 48 and 72 h (Bumgardner and Lucas, 

1995) following direct exposure to pure nickel disc-shaped specimens. Uniquely, the 

expulsion of intracellular components from the TR146 cells, known as cell blebbing, 

was observed in the current study following direct and indirect exposure at 48 h to the 

d.Sign® 10 disc-shaped specimens in the polished surface finishing condition. The 

phenomenon of cell blebbing is defined as ‘an irregular bulge in the plasma 

membrane o f a cell caused by localised decoupling o f the cytoskeleton from the 

plasma membrane’ (Fackler and Grosse, 2008). Cell blebbing is only associated with 

physical and/or chemical cellular stress and is recognised as an indicator for the early 

onset of apoptotic cell death (Vermeulen et a i ,  2005). It is proposed by the author that 

the morphological alterations observed in the TR146 cells (following direct and 

indirect exposure) at 48 h were as a result of the metal ions released from the 

d.Sign®10 disc-shaped specimens as a result of the reduced chromium content (<16 

mass%) which elevated the susceptibility of the dental casting alloy to metal ion 

release in solution with increasing immersion duration (Table 4.1.40). Direct exposure 

o f the disc-shaped specimens was noted to have elicited increased levels o f cellular 

damage compared with indirect exposure. It is also suggested by the author that 

Teflon® would be an appropriate control material for future morphological analyses.



Cell Density

Cell density measurements of adherent oral keratinocytes (including the TR146 cells) 

using the trypan blue dye exclusion assay normally requires the use of enzymatic 

trypsin activity (a process known as trypsinisation) to detach the cells from the cell 

culture dish. Trypsinisation has been extensively reported throughout the dental 

literature (Elshahawy et al., 2009; Wylie et al., 2007; Prymak et ah, 2005; Wataha et 

al., 2000b; Jia et a l, 1999; Messer and Lucas, 1999; Bumgardner and Lucas, 

1995,1994). Uniquely, in conjunction with the cell density measurements performed, 

the current study additionally assessed the cellular metabolic activity and cellular 

toxicity responses of the TR146 cells following direct and indirect exposure to the 

d.Sign® 10 disc-shaped specimens in the alumina particle air abraded and polished 

surface finishing conditions to compare the validity of the cell density measurements. 

Unexpectedly, when the trypan blue dye exclusion assay was performed over a 72 h 

period (with cell density measurements taken at 2, 24, 48 and 72 h) using trypsinised 

untreated control TR146 cells and following indirect exposure of the TR146 cells to 

the d.Sign® 10 disc-shaped specimens in the alumina particle air abraded and polished 

surface finishing conditions, the high levels of cell death observed did not correlate 

with the results o f the cellular metabolic activity assay or the cellular toxicity assay. 

Employing trypsinised TR146 cells in the trypan blue dye exclusion assay resulted in 

unexpectedly high densities of the TR146 cells not being considered viable, due to the 

intracellular uptake of the trypan blue dye at 2 h exposure time. Therefore, the author 

suggested that the action of the trypsin enzyme used to detach the adherent TR146 

cells, exacerbated the level o f TR146 cell death thereby resulting in artificially low 

TR146 cell density measurements, even in the untreated control TR146 cell 

population (Figure 4.1.6). The trypsin enzyme is a serine protease which acts by 

cleaving peptide chains at the carboxyl side of the amino acids lysine and arginine 

(Rawlings and Barrett, 1994) present on the surface of the adherent (TR146) cells 

which mediate attachment, in this case to the cell culture dish. The subsequent 

exposure o f the trypsinised TR146 cells to the disc-shaped specimens (direct 

exposure) or the alloy immersion solutions (indirect exposure) generated for the 

surface finishing conditions investigated resulted in exaggerated levels of cell damage 

leading to cell lysis. In the untreated control TR146 cells the effect of trypsinisation 

was also harmful, leading to unintended cell lysis. The observation for the untreated 

control TR146 cells was subsequently confirmed following the repetition of the
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TR146 cell density measurements without employing trypsin using a novel ‘‘in situ' 

method following direct and indirect exposure of the TR146 cells to the alloy surface 

finishing conditions investigated. The subsequent cell density measurements 

performed with the non-trypsin treated TR146 cells yielded significant differences in 

the TR146 cell density measurements between the untreated control TR146 cells and 

following direct and indirect exposure to the d.Sign®10 disc-shaped specimens in both 

surface finishing conditions investigated. The trypsin-free 'in situ' method of cell 

density measurement was reproducible and critically the measurements determined 

were in line with the results of the cellular metabolic activity and cellular toxicity 

assays discussed later in this section of the study.

Wataha et al. (1993) stated that cell density experiments may ‘explain previous 

discrepancies in in vitro tests’ and ‘may be important in wound healing where cell 

density changes over time and may help clarify the mechanisms of cytotoxicity of 

metal ions’. Given the authority of the statement, the discovery in the current study 

that the action of the trypsin enzyme negatively impacts on the outcome of cell 

density measurements was critical and had severe implications for further 

biocompatibility studies which employ the trypan blue dye exclusion assay on 

adherent cells, notwithstanding the implications for previously published studies. It is 

suggested by the author that the Bumgardner and Lucas (1995) study which used 

trypsinised cells could be an example where the trypsinisation process may have 

reduced the cell density measurements of both the untreated control gingival 

fibroblast cells and the alloy treated gingival fibroblast cells to artificially low levels. 

Therefore, the detrimental effects of the Ni-based dental casting alloy on gingival 

fibroblast cell density measurements may have been camouflaged and in the opinion 

of the author resulted in the incorrect hypothesis by Bumgardner and Lucas (1995) 

that metal ions released from a Ni-based dental casting alloy could alter cell 

proliferation without altering cell numbers.

Significant decreases in TR146 cell density measurements were evident following 

direct (P<0.0001) and indirect (P<0.0001) exposure of the non-trypsin treated TR146 

cells to the Ni-based dental casting alloy in the alumina particle air abraded and 

polished surface finishing condition at 72 h. However, it was determined that direct 

exposure o f the polished disc-shaped specimens significantly decreased (P<0.0001)

280



TR146 cell density measurements compared with the alumina particle air abraded 

disc-shaped specimens. The enhanced loss o f  TR146 cell density elicited by the 

polished surface finishing condition is therefore not in agreement with the findings o f 

Roach et al. (2000) where polishing should allow for the uptake o f atmospheric 

oxygen by the exposed alloy surface manifest as a ‘nonconductive barrier’ (Roach et 

al., 2000). In addition, a comparison o f the ICP-MS analyses o f  the alumina particle 

air abraded and polished surface finishing condition immersion solutions (1 day to 7 

days to 14 days) highlighted increased levels o f metal ions, particularly the major 

alloying elements (nickel, chromium and molybdenum), which were leached from the 

polished disc-shaped specimens compared with the alumina particle air abraded disc

shaped specimens (Table 4.1.40). It is suggested that the TR146 cell response to direct 

exposure to the disc-shaped specimens compared with indirect exposure to the alloy 

immersion solutions more accurately reflects the clinical situation. Clinically, direct 

contact o f the gingival and sub-gingival tissues with a Ni-based dental casting alloy 

can manifest as an inflammatory response (localised swelling and discomfort) within 

the initial 24 h o f placement in nickel sensitive individuals (Noble et al., 2008). 

Therefore, the nature o f the in vivo response suggests theoretically that direct contact 

o f the TR146 cells (to the disc-shaped specimens) is a more realistic, albeit more 

aggressive method o f exposure compared with indirect exposure (to the immersion 

solutions) as observed in the current study. However, following indirect exposure of 

the TR146 cells to the alloy immersion solutions generated for the surface finishing 

conditions investigated, significant decreases in cell density measurements were 

observed with increasing immersion duration investigated (1, 5, 9 and 14 day). This 

was believed to result from the increased metal ion leaching with time, into the 

immersion solutions as determined using the ICP-MS analysis (Table 4.1.40). The 

capacity o f  both exposure methods (direct and indirect) to elicit significant decreases 

in TR146 cell density measurements further highlights the serious clinical 

implications posed by the use o f a Ni-based dental casting alloy with a chromium 

content less than 16 mass% advocated previously (Wylie et al., 2007; Huang, 2003; 

Acevedo et al., 2001; Nelson et al., 1999; Bumgardner and Lucas, 1995,1994; 

Pourbaix, 1984; Sarker and Greener, 1973).
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Analysis of inflammatory cytokine release by ELISA

The expression of the IL -la  inflammatory cytokine from epithelial cells is an 

indicator of the inducement of inflammation (Lu et al., 1997). The presence of the IL- 

8 inflammatory cytokine is indicative of chemotaxis occurring as part of the innate 

immunity response whereby epithelial cells convey distress signals to the immune 

system by way of the inducement of specific immunological molecules such as 

monocytes, macrophages and polymorphonuclear neutrophils to the site o f damage 

(Schmalz et al,. 2000). The PGE2 inflammatory cytokine is a marker for the up- 

regulation of the inflammatory response (Trombetta et al., 2005), while the TNF-a 

inflammatory cytokine is only expressed where a critical level of inflammation has 

occurred in epithelial cells and is considered the end-point of the immune response by 

the inducement of apoptotic cell death (Wataha et al., 2004). The levels of individual 

inflammatory cytokines were pooled for specific dental casting alloys due to the 

similarity of values determined and for ease of interpretation by the reader. The 

TR146 cells following direct exposure to the disc-shaped specimens in both surface 

finishing conditions elicited significantly increased expression levels of the IL -la  

(P<0.0001), IL-8 (P<0.0001), PGE2 (P<0.0001) and TNF-a (P<0.0001) inflammatory 

cytokines compared with the untreated control TR146 cells (Figures 4.1.21, 4.1.22, 

4.1.23 and 4.1.24, respectively). The significant expression of IL -la , IL-8, PGE2 and 

TNF-a inflammatory cytokines by the TR146 cell at 24 h in response to the surface 

finishing conditions suggest a correlation with the TR146 cell density measurements. 

Additionally, the expression of the inflammatory cytokines and the cell density 

measurements are manifest clinically in nickel sensitive individuals where direct 

contact with the gingival and/or subgingival tissues induces an inflammatory response 

within 24 h of placement. The polished disc-shaped specimens significantly increased 

expression of IL -la  (P<0.0001), IL-8 (P<0.0001) and TNF-a (P<0.0001) 

inflammatory cytokines from the TR146 cells compared with the alumina air particle 

abraded disc-shaped specimens following direct and indirect exposure at 24 h. The 

author suggested the increased expression observed following direct and indirect 

exposure to the polished disc-shaped specimens could be accounted for by the 

increased metal ion concentrations identified using the ICP-MS analysis (Table 

4.1.40). Interestingly no significant increase (P=0.5520) in the expression of the PGE2 

inflammatory cytokine was induced by the polished surface finishing condition
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compared with the alumina particle air abraded surface finishing condition. The up- 

regulation of the PGE2 inflammatory cytokine is symptomatic of a chemically induced 

inflammatory response by epithelial cells (Dongari-Bagtzoglou and Ebersole, 1996). 

However, the PGE2 cytokine can only be expressed where a sufficient population of 

non-critically damaged epithelial cells are present to mount the immune response. 

Therefore, it is postulated that a critical number of TR146 cells were irreversibly 

damaged by the metal ions leached from the d.Sign® 10 disc-shaped specimens at 24 

h, therefore, accounting for the significant lack of inflammatory cytokine expression 

observed.. The decrease in TR146 cell density measurements at 24 h following direct 

and indirect exposure for the surface finishing conditions investigated are in 

agreement with the PGE2 inflammatory cytokine expression profiles.

A correlation of inflammatory cytokine expression (IL -la , IL-8, PGE2 and TNF-a) 

with previous studies in the literature is difficult to interpret. Studies investigating IL- 

l a  (Curtis et al., 2007; Turner et al., 2007), IL-8 (Trombetta et al,. 2005; Schmalz et 

al., 2000), PGE2 (Trombetta et al,. 2005; Schmalz et al., 2000) and TNF-a (Wataha et 

al., 2004) inflammatory cytokine expression were performed on nickel salts (Lewis et 

al., 2009; Curtis et al., 2007; Ozen et al., 2005; Trombetta et al., 2005; Wataha et al., 

2004; Schmalz et al., 2000) and chromium salts (Curtis et al., 2007; Trombetta et al., 

2005), using kerafinocytes (Curtis et al., 2007; Trombetta et al,. 2005; Schmalz et al., 

2000), fibroblasts (Palmqvist et al., 2008; Turner et al., 2007; Ozen et al., 2005) and 

monocytes (Lewis et al., 2009; Wataha et al., 2004) over a range of time periods up to 

72 h (Palmqvist et al., 2008; Turner et al., 2007; Wataha et al., 1999). The expression 

of the IL -la  inflammatory cytokine was significant following 24 h exposure to 

chromium salts (>500 |o.M) but no significant expression was observed for nickel salts 

(0.01-10000 |J.M) (Curtis et al., 2007). Comparisons of IL-8 inflammatory cytokine 

expression levels with previous studies investigating oral keratinocyte responses to 

nickel salt solutions (Trombetta et al,. 2005; Schmalz et al., 2000) were difficult 

owing to the IL-8 inflammatory cytokine expression levels increasing 4 to 5-fold 

(Schmalz et al., 2000) or not increasing (Trombetta et ah, 2005) for the TR146 cell 

line investigated. For the PGE2 inflammatory cytokine, inflammation up-regulation of 

the order o f 200 to 300-fold increase compared with the untreated TR146 cells at 24 h 

occurred after exposure to 10 mM nickel chloride (Schmalz et al., 2000), while
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Trombetta et al. (2005) highlighted a significant inflammation up-regulation at 72 h 

when the concentration of the nickel salt was increased over 1.3 mM compared with 

the untreated control TR146 cells. The results for IL -la , IL-8, PGE2 and TNF-a 

inflammatory cytokine expression, following direct or indirect exposure to the 

d.Sign® 10 disc-shaped specimens, in the surface finishing condition investigated do 

not correlate well with the dental literature. However, it is suggested by the author 

that the use of metal salt solutions (such as nickel chloride) in the dental literature 

does not accurately reflect the metallurgical complexity of dental casting alloys or 

corrosion products (Wylie et al., 2007; Huang, 2003; Acevedo et al, 2001; Nelson et 

a l ,  1999; Bumgardner and Lucas, 1995,1994; Pourbaix, 1984; Sarker and Greener, 

1973) where numerous elemental ion release profiles existed as demonstrated by ICP- 

MS in the current study.

In line with the TR146 cell density measurements, inflammation inducement (IL -la), 

chemotaxis (IL-8) and cytokine expression (TNF-a) studies, the TR146 cells 

following direct exposure to the dental casting alloy disc-shaped specimens elicited 

significantly higher (?<0.0G01) levels of the inflammatory cytokines indicative of 

chronic inflammatory disease compared with the TR146 cells following indirect 

exposure to the immersion solutions. Similarly, the polished disc-shaped specimens 

elicited significantly higher levels of the IL -la  (?<0.0001), IL-8 (P<0.0001), PGE2 

(P<0.0001) and TNF-a (P<0.0001) inflammatory cytokines indicative of chronic 

inflammatory disease compared with the alumina air particle abraded disc-shaped 

specimens (following direct or indirect exposure for 24 h) suggesting the increased 

metal ion concentrations released from the polished disc-shaped specimens identified 

using the ICP-MS analysis (Table 4.1.40) were responsible for the apoptosis. 

Interestingly, apoptotic TR146 cells were observed following direct exposure of the 

polished disc-shaped specimens at 48 h using light microscopy, which confirms the 

high expression levels of the TNF-a inflammatory cytokine observed at 24 h.
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Cellular M etabolic Activity

When employing the mitochondrial dehydrogenase activity (MTT) assay, Curtis et al. 

(2007) observed significant decreases in the mitochondrial activity o f keratinocytes 

exposed to nickel and chromium salt solutions after 24 h compared with the untreated 

control keratinocyte cells. Conversely, Issa et al. (2004) examined the metabolic 

activity o f gingival fibroblasts using a Ni-based dental casting alloy at 24 and 48 h 

using the MTT assay and identified no significant decrease in mitochondrial activity 

compared with untreated control gingival fibroblasts for the time points examined. 

However, it should be noted that the Issa et al. (2004) study investigated a Ni-based 

dental casting alloy with a chromium content o f 25.0 mass%. A Ni-based dental 

casting alloy with a chromium content o f 25.0 mass% should theoretically (Wylie et 

al., 2007; Huang, 2003; Acevedo et a l, 2001; Nelson et al., 1999; Bumgardner and 

Lucas, 1995,1994; Pourbaix, 1984; Sarker and Greener, 1973) leach less metal ions 

into solution especially metal ion levels sufficient to alter mitochondrial activity. 

Schmaltz et al. (2000) and Trombetta et al. (2005) used the MTT assay for the TR146 

cells to assess the cellular metabolic responses to nickel chloride salts. At 24 h 

(Schmalz et al., 2000) and 72 h (Trombetta et al., 2005) significant decreases in 

cellular metabolic activity were identified compared with the untreated TR146 control 

cells when the concentration o f  the metal salt solutions were increased above 20 mM 

(Schmalz et al., 2000) and 1.3 mM (Trombetta et al., 2005). When employing the 

same cell line as Schmalz et al. (2000) and Trombetta et al. (2005), namely the 

TR146 cells, the author identified significant decreases in cellular metabolic activity 

at 2, 24, 48 and 72 h exposure to the alloy immersion solutions o f the d.Sign® 10 disc

shaped specimens using the XTT reduction assay. It was also shown that by 

increasing the immersion duration o f the disc-shaped specimens in the alumina 

particle air abraded and polished surface finishing condition, significant increases 

(P<0.0001) in the loss o f TR146 cellular metabolic activity were observed in the 

linear regression analyses (Figures 4.1.26 and 4.1.27). This finding is in agreement 

with the ICP-MS analysis which highlighted that increasing the immersion duration 

resulted in higher levels o f metal ions leachates. It is important to highlight, however, 

that the cellular metabolic activity o f the alloy-treated TR145 cells was determined 

relative to the cellular metabolic activity o f the untreated control TR146 cells and was 

not normalised to cell number. Subsequently, the results obtained should be examined 

in line with the results o f the cell density study in mind. The enhanced loss o f cellular
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metabolic activity observed with the alloy immersion solutions, as the immersion 

duration increased from 1 day to 14 days, was a result of the increased levels of 

leached metal ions present. Interestingly, the polished disc-shaped specimens 

significantly decreased (P<0.0001) the TR146 cellular metabolic activity compared 

with the alumina air particle abraded disc-shaped specimens following indirect 

exposure to the 1, 5, 9 and 14 day immersion solutions for the exposure times 

examined. The author suggests the decreased cellular metabolic activity for the 

polished disc-shaped specimens can be accounted for by the increased metal ion 

concentrations observed using the ICP-MS analysis (Table 4.1.40). The decreases in 

TR146 cellular metabolic activity observed following indirect exposure to the 

polished Ni-based dental casting alloys compared with the alumina particle air 

abraded alloys highlights the problems associated with the clinically relevant polished 

surface finishing condition. Roach et al. (2000) stated that polishing was beneficial to 

the corrosion resistance potential of a Ni-based dental casting alloy with a chromium 

content of <14.0 mass% and a molybdenum content of <9.0 mass%, in that the uptake 

of atmospheric oxygen by the exposed surface would perform as a ‘non-conductive 

barrier’ to electron flow, thereby reducing corrosion of metal ions. As the d.Sign® 10 

dental casting alloy employed in the current study had a chromium and molybdenum 

content of 12.6 and 8.0 mass%, respectively, the author disagrees with the findings of 

Roach et al. (2000).

The cellular metabolic assay studies reported in the dental literature investigating the 

biocompatibility of non-precious dental casting alloys focused on the responses of 

connective tissue (fibroblasts) (Wylie et al., 2007; Ozen et al., 2005; Issa et al., 2004; 

Wataha et al., 1998) or epithelial tissue (keratinocytes) (Curtis et al., 2007; Al- 

Hiyasat and Darmani, 2005). Oral keratinocytes are the initial cells that metal ions 

encounter in the oral cavity when released from Ni-based dental casting alloys (Al- 

Hiyasat and Darmani, 2005). As oral keratinocyte metabolic activity is an integral 

factor in normal cellular function, any physical or chemical cellular disruption by the 

metal ion leachates has the potential to induce both immunological and cellular 

toxicity responses. Therefore, oral keratinocyte metabolic activity in the opinion of 

the author more accurately reflects the clinical situation compared with studies 

performed using connective tissue (Wylie et al., 2007; Ozen et al., 2005; Issa et al., 

2004; Wataha et al., 1998). Additionally, most studies in the literature employ the
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MTT assay (Curtis et al., 2007; Al-Hiyasat and Darmani, 2005; Ozen et al., 2005; Issa 

et al., 2004; Wataha et al., 1998) as opposed to the XTT reduction assay (Lu et al., 

1997) as the preferred method of cellular metabolic activity assessment. However, 

cellular metabolic activity measurements using the XTT reduction assay has been 

shown previously to be more sensitive and reproducible than the MTT assay (Lu et 

al., 1997). A main factor in the perceived popularity of the MTT assay over the XTT 

reduction assay and possibly a reason for the subsequent lack o f studies employing the 

XTT technique in the dental literature is likely to be the time required to perform such 

cellular metabolic activity experiments. The MTT assay requires only 30 mins to 

produce a result compared with the XTT reduction assay which can take up to 18 h 

and the time frame may be further extended depending on the optimisation of the 

experiment.

Cellular Toxicity

No studies to date in the dental literature have investigated the cellular toxicity 

responses of oral keratinocytes following exposure to non-precious dental casting 

alloys. The document “ISO 10993-1: Biological evaluation of medical devices - part 

5: Tests for in vitro cytotoxicity” (ISO standard, 1997) states that ‘cytotoxicity should 

be measured by cell death, inhibition of cell death, cell proliferation or colony- 

forming ability’ regarding the testing of in vitro biological appliances. The majority of 

studies in the dental literature have employed cell density measurements (Elshahawy 

et al., 2009; Wylie et al., 2007; Prymak et al., 2005; Wataha et al., 2000b; Jia et al., 

1999; Messer and Lucas, 1999; Bumgardner and Lucas, 1995,1994), the 

quantification o f inflammatory cytokine expression levels (Lewis et al., 2009; 

Palmqvist et al., 2008; Curtis et al., 2007; Klausner et al., 2007; Turner et al., 2007; 

Ozen et al., 2005; Trombetta et al., 2005; Wataha et al., 2004; Schmalz et al., 2000) 

and decreases in cellular metabolic activity (Curtis et al., 2007; Klausner et al., 2007; 

Issa et al., 2004; Schmalz et al., 2000) as means of inferring cellular toxicity 

responses from cells exposed to non-precious dental casting alloys, as opposed to 

using a specific and relevant methodology. In addition, an agar diffusion assay has 

been employed in the dental literature (Wang and Li, 1998) as a method of 

determining cellular toxicity responses to non-precious dental casting alloys. 

However, due to the overlaying of a cell monolayer with agar which is not an 

appropriate tissue culture maintenance medium combines with the lack of physical
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contact between the alloy and cell monolayer, the agar diffusion assay is not an 

appropriate methodology in the opinion of the author for the determination of cellular 

toxicity responses.

The release o f the intracellular cytosolic enzyme lactate dehydrogenase (LDH) as an 

indicator of cellular toxicity responses is highlighted as a sensitive and reproducible 

method of assessing the cell membrane integrity following exposure to physical 

and/or chemical cellular stresses (Kendig and Tarloff, 2007; Issa et al., 2004). 

However, commercially available LDH release assays are expensive and such costs 

may prohibit large-scale sample analyses, which may be a likely factor in the absence 

of such cellular toxicity assays in the dental literature. Issa et al. (2004) previously 

determined the release of the LDH enzyme as an indicator of the cellular toxicity 

responses o f gingival fibroblasts exposed to monomers released from resin-based 

composite (RBC) restorations. The release of the LDH enzyme as observed from the 

TR146 cells following indirect exposure of the alloy immersion solutions generated 

for the alumina particle air abraded and polished d.Sign® 10 disc-shaped specimens 

investigated at 2, 24, 48 and 72 h highlighted significantly increased (P<0.0001) LDH 

release, indicative of cellular toxicity. The LDH release levels from the TR146 cells in 

response to the polished d.Sign® 10 disc-shaped specimens were found to be 

significantly higher (P<0.0001) than the levels delected from the alumina air particle 

abraded disc-shaped specimens. It is suggested the differences were attributable to the 

metal ion levels present in the immersion solutions detected by ICP-MS (Table 

4.1.40). Significant increases (?<0.0001) in the release of the LDH enzyme, indicative 

of cellular toxicity, were additionally observed from the TR146 cells following 

indirect exposure with increasing immersion duration (1 day to 14 day) which 

correlates well with the ICP-MS analysis where metal ion leaching increased with 

immersion duration. The LDH release levels observed therefore confirm the previous 

findings o f the TR146 cell density measurements and the cellular metabolic activity 

assays regarding the effect of surface finishing condition on biocompatibility. Kendig 

and Tarloff (2007) and Issa et al. (2004) suggested the LDH release assay should 

never be used in isolation as a methodology for analysing cellular toxicity due to the 

potential for interference from the test materials. The Issa et al. (2004) study 

concluded that the LDH release assay should always be used in conjunction with a 

cellular metabolic activity such as the MTT assay or the XTT reduction assay.
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particularly when investigating low level release o f  LDH which was in accordance 

with the procedures used in the current study. In the opinion o f the author it is for the 

aforementioned reasons that the lack o f studies investigating the cellular toxicity 

responses o f  oral keratinocytes to non-precious dental casting alloys exist in the dental 

literature.

Conclusion

In conclusion, the current study demonstrates that following direct or indirect 

exposure o f  the TR146 cells the polished d.Sign®10 disc-shaped specimens 

significantly altered cell morphology, cell density measurements, the expression o f 

inflammatory cytokines, cellular metabolic activity and cellular toxicity responses 

compared with the alumina particle air abraded disc-shaped specimens. The TR146 

cell biocompatibility was determined to be significantly decreased following direct 

exposure compared with indirect exposure for the surface finishing conditions 

investigated which is representative o f the in vivo inflammatory response in nickel 

sensitive individuals. For the first time it has been comprehensively shown that the 

use o f trypsinised TR146 cells in cell density measurements are inaccurate and 

inappropriate for use. The development and use o f a novel trypsin-free method has 

implications for the validity o f previously published studies. The surface finishing 

condition o f  the Ni-based dental casting alloy investigated has important clinical 

implications and the approach o f employing multiple analyses. Cell morphology, cell 

density measurements, the expression o f inflammatory cytokines, cellular metabolic 

activity and cellular toxicity responses on the 2D TR146 oral keratinocyte cell line 

combined with profilometry and ICP-MS analyses afforded the author an enhanced 

insight into the complex processes occurring in the oral environment thereby 

enhancing the clinical implications o f the current study.
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5.2 Influence of Alloy Composition on Biocompatibility

The objective of the current section of the study was to compare the biocompatibility 

of two Ni-based (d.Sign®10 and d.Sign® 15) and one Co-Cr (d.Sign®30) dental casting 

alloy prepared to the clinically relevant polished surface finishing condition using the 

2D TR146 oral keratinocyte cell monolayer structure (Section 4.1). Comparative 

biocompatibility studies of commercially available dental casting alloys employing 

the primary in vivo tissue target (epithelial tissue) of nickel (Gazel et al., 2008; Ozen 

et a l,  2005) are absent in the dental literature as opposed to studies performed using 

metal salt solutions (Curtis et al., 2007; Lewis et al., 2006; Trombetta et al., 2005; 

Wataha et al., 2004; Messer and Lucas, 2000; Messer et al., 1999; Messer and Lucas, 

1999). The two Ni-based dental casting alloys were selected as being representative of 

the large range of nickel and chromium content alloys available for clinical use 

(d.Sign®10 (75.4 mass% nickel and 12.6 mass% chromium) and d.Sign®15 (58.7 

mass% nickel and 25.0 mass% chromium (Table 3.1)). The d.Sign®10 alloy possessed 

a chromium content (12.6 mass%) lower than that advocated (16-27.0 mass%) (Wylie 

et al., 2007; Huang, 2003; Acevedo et al., 2001; Nelson et al., 1999; Bumgardner and 

Lucas, 1995,1994; Pourbaix, 1984; Sarker and Greener, 1973) for Ni-based dental 

casting alloys, however, the chromium content of the d.Sign® 15 alloy (25.0 mass%) 

was at the higher end of that advocated. Therefore, the polished d.Sign®15 alloy was 

initially thought to be more ‘biocompatible’ with the TR146 cells compared with the 

polished d.Sign® 10 alloy due to the higher chromium content.

Chromium is present in non-precious dental casting alloys to promote the formation 

of a stable passive oxide layer in order to reduce the corrosion potential of the alloy 

and where there is a reduction in the chromium content, metal ion release can occur in 

significant levels (Wylie et al., 2007). The Co-Cr dental casting alloy (d.Sign®30) was 

selected as a comparative control alloy due to the absence of nickel from the 

elemental composition (Table 3.1). Co-Cr dental casting alloys have been advocated 

for clinical use due to the mechanical properties (Reclaru et al., 2005; Matkovic et al., 

2004). In addition, the Co-Cr alloy selected was supplied by the same manufacturer 

(Ivoclar Vivadent) as the two Ni-based dental casting alloys. However, Co-Cr dental 

casting alloys can be difficult to manipulate by the operator due to the increased 

hardness (Reclaru et al., 2005) compared with Ni-based dental casting alloys. The
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three dental casting alloys selected for inclusion in the study were polished to achieve 

the clinically relevant surface finishing condition (Wylie et a i, 2007) which enhanced 

the clinical significance of the study. Roach et al., (2000) stated that polishing should 

allow for the uptake of atmospheric oxygen by the exposed surface thereby acting as a 

‘nonconductive barrier’ to electron flow, although polishing a Ni-based (d.Sign® 10) 

dental casting alloy significantly altered the normal TR146 cellular function 

(compared with the alumina particle air abraded surface finishing condition) as shown 

in Section 4.1.

Profilometrv

The three dental casting alloys (d.Sign® 10, d.Sign® 15 and d.Sign®30) were prepared 

to the clinically used surface finishing condition (Wylie et al., 2007) and significant 

differences in the mean Ra values were observed using the high resolution 

profilometry. The d.Sign® 10 dental casting alloy had a reported Vickers hardness 

number of 180 (d.Sign®10 data sheet) and accordingly recorded the significantly 

lowest mean Ra value (0.053±0.023 |im). The d.Sign®30 dental casting alloy had a 

Vickers hardness number of 375 (d.Sign®30 data sheet) and possessed the roughest 

(significantly highest (P>0.0020)) mean Ra value (0.152±0.037 |^m). The polished 

d.Sign® 15 dental casting alloy (Vickers hardness number of 230 (d.Sign®15 data 

sheet)) produced a significantly decreased (P=0.0020) mean Ra value (0.089±0.023 

|im) compared with the polished d.Sign®30 dental casting alloy and a significantly 

increased (P=0.0010) mean Ra value than the d.Sign® 10 alloy. The author, therefore 

proposed that the lower the Vickers hardness number of the dental casting alloy the 

more conducive the alloy was to the finishing technique namely alumina particle air 

abrasion and subsequent polishing with the rubber polishing wheels. As a result of 

this observation, the surface roughness data (Ra values) can be readily explained by 

the reported Vickers hardness numbers which is in agreement with the findings of 

Reclaru et al. (2005) who highlighted that whilst Co-Cr alloys possess excellent 

mechanical properties, the hardness of the alloy makes for difficult operator handling 

prior to clinical use.

ICP-MS

The ICP-MS analysis of the immersion solutions generated at 1, 7 and 14 day 

immersion duration identified the presence of metal ions such as nickel, chromium

291



and copper (as well as other elemental constituents) leached from each of the polished 

dental casting alloys investigated (d.Sign® 10, d.Sign® 15 and d.Sign®30). The metal 

ions leached from non-precious dental casting alloys are introduced into the adjacent 

gingival tissues which are critical in terms of in vivo performance (Wataha et al., 

2001b). Nickel ions have been shown previously to reduce DNA synthesis, reduce 

protein synthesis and inhibit DNA transcription and replication in vitro (Schmidt et 

a l, 2010; Fors and Persson, 2006; Messer and Lucas, 1999). The nickel ions were 

released preferentially from the polished d.Sign®10 and d.Sign®15 dental casting 

alloys over the 14 day immersion duration compared with the other metal ions present 

(chromium, molybdenum, copper and iron) which are collectively responsible for the 

cytotoxicity observations. In accordance with the findings of the previous study 

(Section 4.1) and the dental literature (Issa et al., 2008; Messer and Lucas, 2000; 

Bumgardner and Lucas, 1995; Wataha et a l,  1994, Bumgardner and Lucas, 1993; 

Wataha et a l, 1991; Pourbaix, 1984) which stated metal ion release from non

precious dental casting alloys did not necessarily occur proportionally to the mass 

composition of the alloy, the polished d.Sign®10 (<361.8 |ag/L) disc-shaped 

specimens released lower levels of nickel ions into the immersion solution compared 

with the polished d.Sign®15 (<417.5 |ag/L) alloy dental casting alloy. This was a 

critical finding which impacted significantly on the previous studies reported in the 

dental literature which routinely employed metal salts believed representative of the 

complex metallurgical composition of the dental casting alloys (Curtis et al., 2007; 

Lewis et al., 2006; Trombetta et al., 2005, Wataha et al., 2004; Messer and Lucas, 

2000; Messer et al., 1999; Messer and Lucas, 1999).

Cell Morphologv

Morphological alterations associated with cellular stress, changes in the cellular 

metabolic state and the critical loss of cell attachment indicative of cell death were 

observed in the TR146 cell monolayer structures following direct (Figure 4.2.3) and 

indirect exposure (Figure 4.2.4) to the polished Ni-based dental casting alloys 

compared with the untreated control TR146 cells over 48 h exposure. Given the 

profile and quantities of the metal ions released from the polished d.Sign® 10 and 

d.Sign® 15 disc-shaped specimens over the 14 day immersion duration determined 

using ICP-MS analyses (Table 4.2.37), the cell morphological alterations were not 

unexpected. Nickel was released preferentially from the polished d.Sign®10 (<361.8
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\xgfL) and d.Sign®15 (<417.5 |ig/L) disc-shaped specimens into the immersion 

solutions and is a known inducer o f oxidative stress in epithelial cells resulting in the 

interruption o f DNA replication and protein biosynthesis to critical levels (Schmidt et 

al., 2010; Fors and Persson, 2006; Messer and Lucas, 1999) whereby irreversible 

apoptotic cell death occurs (Vermeulen et al., 2005). Apoptosis was evident in the 

TR146 cells following exposure to the polished Ni-based (d.Sign®10 and d.Sign®15) 

dental casting alloys at 48 h in the form o f cell blebbing (Vermeulen et al., 2005) and 

was indicative o f  the toxicity o f the polished Ni-based alloy immersion solutions 

generated.

A comparison o f the findings o f the current study with the dental literature is not 

possible due to the lack o f studies investigating the morphological responses o f oral 

keratinocytes to non-precious dental casting alloys. Only the Wylie et al. (2007), 

Wataha et al. (1998) and Bumgardner and Lucas (1995,1994) studies employed cell 

morphology as a methodology for determining the biocompatibility o f Ni-based 

dental casting alloys. However, the Wataha et al. (1998) and Bumgardner and Lucas 

(1995,1994) studies employed human gingival fibroblasts in conjunction with metal 

salts as opposed to Ni-based dental casting alloys (W ylie et at., 2007) which are 

difficult to compare with the current findings. The TR146 cell monolayer structures 

following direct (Figure 4.2.3d) and indirect (Figure 4.2.3c) exposure for 48 h to the 

polished Co-Cr disc-shaped specimens did not elicit any morphological alterations in 

and were similar to the untreated control TR146 cells. The low levels o f metal ions 

released by the polished d.Sign®30 dental casting alloys during the 14 day immersion 

duration were therefore not sufficiently toxic to induce the morphological alterations 

manifest as a loss o f cell symmetry with associated cell shrinkage and cell rounding 

indicative o f  cell detachment as observed following exposure to the polished Ni-based 

dental casting alloys. This is the first reported study o f comparative biocompatibility 

in the dental literature where the author has employed a clinically relevant polished 

surface finishing condition for a number o f commercially available non-precious 

dental casting alloys in association with a tissue type that is the primary target o f 

nickel and other metal ions in vivo (Gazel et al., 2008; Ozen et al., 2005) to highlight 

morphological changes associated with cellular damage. The disparate cell 

morphological responses o f the TR146 cells to the polished Ni-based and Co-Cr

293



dental casting alloys highlighted the sensitive and discriminatory nature of the 

methodology.

The only adverse cellular morphological alteration associated with human gingival 

fibroblasts previously reported in the literature (Bumgardner and Lucas, 1995) 

occurred following direct exposure of the fibroblast cells to pure nickel disc-shaped 

specimens which subsequently induced cell death. However, following direct 

exposure of the human gingival fibroblasts to the Ni-based dental casting alloys no 

morphological changes occurred with the fibroblasts remaining morphologically 

identical to the untreated control fibroblast cells (Bumgardner and Lucas, 1995). This 

in short highlights the benefit of the approach undertaken in the current study which 

employed the clinically relevant polished surface finishing condition for a range of 

commercially available dental casting alloys in conjunction with oral keratinocytes 

that are the primary target of nickel in vivo (Gazel et al., 2008; Ozen et al., 2005) to 

investigate the comparative biocompatibility responses of the Ni-based and Co-Cr 

dental casting alloys.

Cell Density

The lack of studies reporting on cell density measurements as an indicator of cellular 

biocompatibility to non-precious dental casting alloy was unexpected. The cell density 

measurements of human oral keratinocytes (Wylie et al., 2010) and mouse fibroblasts 

(Wylie et al., 2007) following exposure to Ni-based dental casting alloys were 

investigated having undergone simulated porcelain firing using the trypan blue dye 

assay (with trypsin). Faria et al. (2009) employed the trypan blue dye assay (with 

trypsin) to establish the cell density measurements of the oral cancer cell line SCC-9 

following exposure to Ni-based and Co-Cr dental casting alloys having previously 

undergone thermocycling. In contrast to the findings of the current study, Faria et al. 

(2009) did not observe a decrease in the cell density measurements following 

exposure of the SCC-9 cells to the thermocycled non-precious dental casting alloys 

compared with the untreated control SCC-9 cells. As the Faria et al. (2009) study 

employed trypsin in the trypan blue dye assay it is possible that a significant decrease 

in the cell density measurements had occurred following exposure to the non-precious 

dental casting alloys, however, the use of the trypsin enzyme may have interfered with 

the comparisons with the untreated control SCC-9 cells, which were similarly
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trypsinised. At the exposure times investigated (2-72 h), the direct (P<0.0001) and 

indirect (P<0.0001) exposure o f the pohshed Ni-based (d.Sign®10 and d.Sign®15) 

dental casting alloys to the TR146 cells elicited significant decreases in the cell 

density measurements compared with the untreated control TR146 cells. The loss of 

TR146 cell density following direct and indirect exposure to the polished Ni-based 

dental casting alloys correlated with the cell morphology results in that a loss o f  cell 

symmetry and attachment were evident at 48 h, in addition to critical cellular damage 

in the form o f cell blebbing, indicative o f apoptotic cell death (Vermeulen et a l ,  

2005). As high levels o f metal ions were detected in the immersion solutions o f the 

polished Ni-based dental casting alloys over the 14 day immersion duration (using 

ICP-MS analysis (Table 4.2.37)), the associated loss o f cell density measurements 

were not unexpected. Previous studies investigating cell density measurements 

following exposure to Co-Cr dental casting alloys are not currently present in the 

dental literature. It has been shown, however, that chromium and cobalt ions can 

significantly induce apoptotic cell death (thereby causing a decrease in cell density 

measurements) in macrophages (Catelas et al., 2003,2001), one o f the main types o f 

immune cells which functions in innate and adaptive immunity when exposed in a 

dose-dependent manner (Khazen et al., 2005). However, in line with the findings of 

the cell morphology study no significant decrease in the cell density measurements 

was evident following direct exposure (P=0.5610) o f the TR146 cells to the Co-Cr 

(d.Sign®30) alloys. This indicated that the levels o f  metal ions released from the 

polished Co-Cr (d.Sign®30) dental casting alloys (chromium (<57.3 |^g/L), cobalt 

(<25.1 |ig/L), iron (<27.2 |^g/L) and copper (<5.7 ng/L)) over the 14 day immersion 

duration did not alter normal TR146 cellular function. Conversely, when the cell 

density data obtained following the indirect exposure o f the TR146 cells to the 

d.Sign®30 alloys over 72 h exposure time was pooled, a significant decrease 

(P<0.0001) in cell density was observed when compared with the untreated control 

(Table 4.2.13). It is suggested that such a difference in cell density values was noted 

due to the larger number o f values employed in the statistical analyses following 

indirect exposure (n=60) o f the TR146 cells to the d.Sign®30 alloys compared with 

direct exposure (n=12) in that a degree o f fluctuation o f values was likely to have 

occurred.
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Such findings highlight the benefits o f  the multiple analytical analyses (cell 

morphology, cell density measurements, the expression o f  inflammatory cytokines, 

cellular metabolic activity and cellular toxicity) employed in the current study in 

gaining a comprehensive knowledge o f  the responses o f  the TR146 cells to the 

polished non-precious dental casting alloys. It is suggested that the TR146 cellular 

responses follow ing direct exposure compared with indirect exposure more accurately 

reflects the clinical situation (Noble et al., 2008).

Analysis o f  Expression o f  Inflammatory Cytokines

The inflammatory cytokines investigated in the current study are involved in the 

induction and regulation o f  the inflammatory response by epithelial cells in response 

to chemical or physical cellular damage (Ozen et a l ,  2005). It has been suggested by 

Palmqvist et al. (2008), Takigawa et al. (1994) and Lekic et al. (1997) that a high 

level o f  inflammatory cytokine expression by cells comprising the oral mucosa (oral 

keratinocytes and gingival fibroblasts), in addition to the induction and regulation o f  

the inflammatory response, may affect alveolar bone cell function, particularly in 

individuals with periodontal disease. Whilst it has not been shown in the dental 

literature that an adverse reaction to non-precious dental casting alloys has resulted in 

alveolar bone loss, the levels o f  inflammatory cytokines expressed by the TR146 cells 

following direct and indirect exposure to the Ni-based dental casting alloys are o f  

concern. The increased expression o f  the IL -la  (P<0.0001), IL-8 (P<0.0001), and 

PGE2 (P<0.0001) inflammatory cytokines is suggestive o f  an immune reaction being 

established by the TR146 cells as a consequence o f  exposure to the high levels o f  

metal ions leached from the polished Ni-based disc-shaped specimens. The TNF-a 

inflammatory cytokine was not significantly expressed (P>0.2700) by the TR146 cells 

following exposure to the polished dental casting alloys at 24 h, which initially 

suggested that apoptotic cell death had not occurred. This was in contrast to the 

findings o f  the cell morphology study which showed cell blebbing was evident, an 

established indicator o f  apoptotic cell death (Vermeulen et al., 2005) in the TR146 

cells following exposure to the polished Ni-based dental casting alloys at 48 h. The 

detection o f  cell blebbing at 48 h as opposed to the low  levels o f  the TNF-a 

inflammatory cytokine expressed at 24 h suggests a time delay may be in effect. 

Additionally, increased exposure o f  the Ni-based dental casting alloys to the TR146  

cells may have increased the expression o f  the TNF-a inflammatory cytokine to
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significantly higher levels, which would be indicative o f apoptotic cell death 

(Palmqvist et al., 2008; Wataha et al., 2004). The expression o f the IL-la, IL-8, and 

PGE2 pro-inflammatory cytokines has been associated with the generation o f the in 

vivo nickel sensitivity response in the form of contact hypersensitivity (Schmidt et al., 

2010; Wataha et al., 2004). Schmidt et al. (2010) highlighted that a stimulus was 

required to induce contact hypersensitivity in vivo resulting in the up-regulation o f  

inflammatory cytokines as observed in the current study. The preferential release o f  

nickel in association with main alloying elements (chromium and molybdenum) as 

shown using ICP-MS analysis (Table 4.2.37) from the polished Ni-based dental 

casting alloys into the immersion solutions over the 14 day immersion duration 

suggests a pro-inflammatory response by the TR146 cell was induced. Gazel et al. 

(2008) identified the symptoms indicative o f an adverse reaction to Ni-based 

restorations normally presented within 24 h o f exposure to the gingival and sub

gingival tissues in vivo. It was not unexpected that the direct contact o f the polished 

dental casting alloys to the TR146 cells for 24 h exposure elicited significantly higher 

(P<0.0040) levels o f inflammatory cytokine expression compared with indirect 

exposure. As the polished Co-Cr (d.Sign®30) dental casting alloys did not elicit 

significant increases (P>0.3090) in the expression o f the inflammatory cytokines 

following direct or indirect exposure to the TR146 cells, accordingly, the low levels o f  

metal ions leached by the polished d.Sign®30 dental casting alloys were therefore not 

capable o f inducing an immune response. This finding suggests that polished Co-Cr 

dental casting alloys are less likely to induce an inflammatory response in vivo 

compared with the polished Ni-based alloys. Co-Cr dental casting alloys have been 

advocated by the dental literature for use in dentistry due to the high corrosion 

resistance potential (Reclaru et al., 2005; Dong et al., 2003; Lucas et al., 1991). 

Therefore, the expression levels o f  the inflammatory cytokines expressed by the 

TR146 cells following direct and indirect exposure to the polished Ni-based dental 

casting alloys are indicative o f a significant immune response and indicate a clinically 

important manifestation o f an in vitro response to polished Ni-based dental casting 

alloys.

Cellular Metabolic Activitv

The possibility o f interference in a cellular metabolic activity assay such as the MTT 

assay by corrosion products has been established by Fisher et al. (2010) who
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suggested that formazan-based assays should only be employed in association with 

other cellular assays, specifically the cellular toxicity assay measuring LDH release 

when examining the effects o f  corrosion products from biomaterials. Both the MTT 

assay and a ’̂Cr radioactive release assay have been compared previously for the 

determination o f  cellular metabolic activity in response to dental materials with the 

latter radioactivity assay possessing undesirable characteristics not limited to safety 

and disposal complications (Bean et al., 1995). Jia et al. (1999) highlighted that 

neither the MTT assay nor the trypan blue dye exclusion assay could conclusively  

discern discrete differences in cell density measurements or the metabolic activity o f  

m onocytes, compounding the issues o f  the MTT assay as a sensitive and reproducible 

method o f  cellular metabolic activity determination. Emmler et al. (2008) employed 

the XTT reduction assay to successfully determine the cellular metabolic activity o f  

human bronchoalveolar derived cells following exposure to RBC degradation 

products and concluded that the analysis methodology was a ‘useful in vitro screening 

tool to compare the cytotoxicity o f  dental materials’. In the current study, the author 

proposed that the TR146 cells (as the primary tissue type encountered by metal ions in 

vivo (Gazel et al., 2008; Ozen et al., 2005)) was a more appropriate tissue type for the 

determination o f  the cellular metabolic activity responses following indirect exposure 

to the polished Ni-based and Co-Cr dental casting alloys compared with connective 

tissue, which was more commonly employed (Gazel et al., 2008; Wataha et al., 1998).

The decrease (P<0.0250) in cellular metabolic activity observed following indirect 

exposure o f  the TR146 cells to the polished Ni-based (d.Sign®10 and d.Sign®15) 

dental casting alloys compared with the untreated control TR146 cells was indicative 

o f  the homeostatic state o f  the TR146 cells being interrupted or stopped completely 

(Brand, 1997). Homeostasis occurs when a cell achieves a constant state o f  

equilibrium (temperature, pH, nutrient intake, waste output) whilst in an environment 

o f  constantly changing conditions (Brand, 1997). This type o f  metabolic regulation 

permits the cell to respond to signals and interact with the environment and an 

interruption, such as exposure to metal ions, can result in the cessation o f  normal 

cellular metabolic activity. Cells have the ability to alter their metabolic rate in 

response to signals (hormones, growth factors or inflammatory cytokines such as 

those previously discussed (IL -la , IL-8, PGE2 and TNF-a)) from other cells in the 

immediate environment in a process known as extrinsic control (Hendrickson, 2005).
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Therefore, the high levels of inflammatory cytokines elicited from the TR146 cells 

following indirect exposure to the polished Ni-based dental casting alloys are likely to 

have played a role in the decreases in cellular metabolic activity observed. However, 

it is the high levels of metal ion leachates present in the polished d.Sign®10 and 

d.Sign® 15 immersion solutions (as shown using ICP-MS) which were primarily 

responsible for the cellular metabolic activity decreases observed. Nickel and 

chromium ions have been shown previously to obstruct essential cellular functions 

such as DNA and amino acid syntheses resulting in the critical loss of normal cellular 

metabolic activity in epithelial cells (Messer et al., 1999). No significant decrease 

(P=0.0530) in cellular metabolic activity was observed for the TR146 cells following 

indirect exposure to the polished Co-Cr (d.Sign®30) dental casting alloys (from 2-72 

h), indicative of a functioning homeostatic state. As no significant expression of 

inflammatory cytokines following indirect exposure to the polished Co-Cr dental 

casting alloy was observed it is likely that the cellular metabolic state of the alloy 

exposed cells was similar to that of the untreated control TR146 cells. Therefore, the 

profile and quantities o f metal ions released by the polished Co-Cr dental casting 

alloys (as shown using ICP-MS analysis (Table 4.2.37)) over the 14 day immersion 

duration did not induce a significant decrease in the cellular metabolic activity. The 

use o f Ni-based dental casting alloys in the clinically relevant polished surface 

finishing condition has therefore been shown to significantly decrease the cellular 

metabolic activity of the primary tissue target of metal ion in vivo (Gazel et al., 2008; 

Ozen et al., 2005), indicative of a loss of homeostasis compared with the polished Co- 

Cr dental casting alloy.

Cellular Toxicity

The release of the intracellular enzyme LDH as the marker o f cellular toxicity is a 

accepted methodology in biocompatibility studies as the enzyme is only detectable 

where cellular membrane integrity has been compromised as a result of physical 

and/or physical damage (Kendig and Tarloff, 2007; Issa et al., 2004; Messer and 

Lucas, 1999; Lash et a l, 1995). However, it has been suggested that the LDH release 

assay should not be performed in isolation due to the likelihood of interference by the 

test material (Kendig and Tarloff, 2007; Issa et al., 2004) and the inability to 

accurately detect low level LDH release (Messer and Lucas, 1999). Molybdenum 

oxide salt solutions were identified by Messer and Lucas (1999) as interfering with
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the sensitivity of the LDH release assay. In accordance with the findings of Kendig 

and Tarloff (2007) and Issa et al. (2004), the cellular toxicity release assay was 

performed in conjunction with cell morphology, cell density measurements, the 

expression of inflammatory cytokines and cellular metabolic activity analyses. 

However, a lack of studies in the dental literature investigating the cellular toxicity 

responses (measuring LDH release) of oral keratinocytes has made comparative 

analyses difficult. The levels of LDH released from the TR146 cells following indirect 

exposure to the polished Ni-based dental casting alloys was significantly increased 

(P<0.0001) relative to the Triton-X treated control TR146 cells, indicative of a high 

level o f membrane integrity loss. The activity o f the metal ions released from the 

polished Ni-based alloys was evidently sufficient to induce permeability of the cell 

membrane to a critical level (Valentovic and Ball, 1998), whereby high levels of the 

LDH enzyme were released into the surrounding incubation media. As the release of 

the LDH enzyme is considered the end-point for cytotoxicity studies (Kendig and 

Tarloff, 2007; Issa et a l,  2004; Messer and Lucas, 1999; Lash et al., 1995), the 

alterations in cell morphology, decreases in cell density measurements, increases in 

the expression of inflammatory cytokines and decreases in cellular metabolic activity 

are indicative of the toxic effects of the metal ions released by the polished Ni-based 

(d.Sign®10 and d.Sign® 15) dental casting alloys. In line with the previous analyses 

performed, the polished Co-Cr dental casting alloy (d.Sign®30) did not induce a 

significant increase (P<0.4134) in the release of the LDH enzyme compared with the 

Triton-X treated control TR146 cells. As no significant cellular toxicity responses 

were elicited by the TR146 cells following exposure to the polished Co-Cr 

(d.Sign®30) dental casting alloys compared with the Ni-based alloys it is suggested 

that the Co-Cr dental casting alloys are more suitable for clinical use, especially in Ni- 

sensitive individuals.

The cell morphology, cell density measurements, the expression of inflammatory 

cytokines, cellular metabolic activity and cellular toxicity experimental results 

performed on the TR146 oral keratinocytes in the current section of the study, in 

association with profilometry and ICP-MS analyses, represents for the first time in the 

dental literature a sensitive predictor of biocompatibility for polished non-precious 

dental casting alloys.

300



Conclusion

The range o f biocompatibility analyses highlighted that the previously advocated 

minimum chromium content (16-27.0 mass%) for Ni-based dental casting alloys to 

improve formation o f protective surface oxides and corrosion resistance (Wylie et al., 

2010,2007; Huang, 2003; Acevedo et al., 2001; Nelson et a l ,  1999; Bumgardner and 

Lucas, 1995,1994; Pourbaix, 1984; Sarker and Greener, 1973) may not be entirely 

correct. The studies advocating an increased chromium content were performed on 

metal salt solutions (Lewis et al., 2009; Curtis et al., 2007; Trombetta et al., 2005; 

M esser and Lucas, 2000; M esser et al., 1999; M esser and Lucas, 1999; Wataha et al., 

1994; Sarker and Greener, 1973) using connective tissue (fibroblasts) (Issa et al., 

2008; Wylie et al. 2007; Ozen et ah, 2005; Taira et al., 2001; Messer and Lucas, 

2000; Messer et al., 1999; Messer and Lucas, 1999; Bumgardner and Lucas, 1995) 

rather than epithelial tissue (keratinocytes) (Wylie et al., 2010; Trombetta et al., 2005; 

Schmalz et al., 2000) which is the initial cell type encountered by metal ions in the 

oral environment (Gazel et al., 2008 Ozen et al., 2005) and never in the surface finish 

equivalent to the clinical condition. Therefore, the conventional wisdom on the 

biocompatibility o f Ni-based dental casting alloys regarding metal ion release from 

corrosion products (Elshahawy et al., 2009; M esser and Lucas, 2000; Schmalz et al., 

2000; Bumgardner and Lucas, 1995; Wataha et al., 1994), the microstructure formed 

on casting (Wylie et al, 2007) or subsequent firing protocols (Qiu et al., 2011; Lin et 

al., 2008; Wylie et al., 2010,2007; Roach et al., 2000; Marinello et al., 1986) may 

need further re-investigation to ‘explain previous discrepancies in in vitro tests’ and 

‘help clarify the mechanisms o f cytotoxicity o f metal ions’ in accordance with the 

words o f Wataha et al. (1993).
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5.3 Influence of Oral M icroorganisms on Alloy Biocompatibility

The objective o f the current study was to investigate the influence o f S. mutans, C. 

albicans and C  dubliniensis oral microorganisms on the biocompatibility o f the 

polished Ni-based and Co-Cr dental casting alloys using the 2D TR146 cell 

monolayer structure. The oral environment comprises many surfaces such as tooth 

fissures, tooth pits and tooth/buccal tissue junctions considered suitable for the growth 

and colonisation of microbial and fungal microorganisms (Cannon et a l,  2010; Grivet 

et a l, 2000). However, the paucity of studies in the dental literature investigating the 

influence o f oral microorganisms on dental casting alloy biocompatibility was 

unexpected. The oral environment can be considered an ideal environment for the 

growth and colonisation of oral microorganisms such as S. mutans, C. albicans and C. 

dubliniensis due to heat, moisture and the continual influx of nutrients from saliva and 

food (Ahn et a l ,  2010; Eick et a l, 2004; Faccioni et a l,  2003; Grivet et al., 2000; 

Wataha et al., 1998). Variations in pH levels associated with 5. mutans have been 

shown to range from 6.5 to 4.5 in vivo (Aamdal-Scheie et al., 1996). Consequently, 

environmental conditions have been suggested to enhance the levels of metal ion 

corrosion from non-precious dental casting alloys over prolonged periods of time in 

vivo (Wataha et al., 2008). A limited number of studies in the dental literature have 

investigated the effects of pH (Wataha et al., 1998), temperature changes (Faria et al., 

2009; Gjerdet and Hero, 1987) and brushing forces (Wataha et al., 2008; Setcos et al., 

2006; Wataha et al., 2003; Wataha et al., 1999) on the biocompatibility and corrosion 

potential o f non-precious dental casting alloys. Acidic conditions and mechanical 

forces such as brushing have been shown to enhance the corrosion of Ni-based dental 

casting alloys (Wataha et al., 2003,1999; Geis-Gerstorfer et al., 1991) compared with 

precious dental casting alloys (Wataha et al., 2008). Wataha et al. (1998) exposed 

precious and non-precious dental casting alloys to low pH solutions from 30 mins to 4 

h and determined that transient exposure of the alloys to an acidic oral environment 

significantly increased metal ion release from Ni-based dental casting alloys but not 

from gold-based alloys. However, the dental casting alloys investigated by Wataha et 

al. (1998) were intended for long-term placement and function in the oral cavity, 

consequently, the short-term exposure technique employed in the study may have 

been inadequate. Therefore, metal ion release levels from non-precious dental casting 

alloys following exposure to oral microorganisms have not been explored in the
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dental literature. The author postulated the decrease in pH observed during the normal 

growth of oral microorganisms (S. mutans, C. albicans and C. dubliniensis) could 

potentially disrupt the ‘nonconductive barrier’ present on the surface o f the polished 

dental casting alloys (Roach et at., 2000), thereby enhancing the metal ion leaching 

potential for the non-precious dental casting alloys previously observed in Section 4.2.

S. mutans has been shown in the dental literature to attach to dental restorations in the 

oral cavity such as amalgam (Eick et al., 2004), glass ionomers (Ahn et al., 2010; 

Eick et al., 2004), RBCs (Ahn et al., 2010; Eick et al., 2004), as well as prosthetic 

(Sardin et al., 2004) and implant materials (Buergers et al., 2009; Sardin et al., 2004). 

Grivet et al. (2000) observed that S. mutans strongly attached to gold and palladium- 

based dental casting alloys during growth but not to a Ni-based (76.0 mass% nickel 

and 16.0 mass% chromium) dental casting alloy (Grivet et a l, 2000). However, the 

inability o f S. mutans to attach to a Ni-based alloy (Grivet et al., 2000) may not be 

entirely relevant when considering the effect of oral microorganisms on the leaching 

potential o f a non-precious dental casting alloy. Additionally, Ni-based dental casting 

alloys have been shown previously (Wataha et al., 1998) to leach enhanced levels of 

metal ions following short-term exposure to acidic solutions compared with gold- 

based alloys. Therefore, the literature suggested that oral microorganisms are not 

required to attach to non-precious dental casting alloys to enhance the metal ion 

release levels (Grivet et al., 2000; Wataha et al., 1998). However, the ability of oral 

micro-organisms such as S. mutans to produce toxins in vitro and in vivo such as 

lipoteichoic acids (LTA) and lipopolysaccharide (LPS) should not be overlooked 

(Renzi, 1995). Such heat-tolerant toxins (Chart et al., 1996) can be difficult to 

completely remove from a dental material, notwithstanding sterilization by 

autoclaving, and it is noted by the author that that there is the potential for 

interference in the analyses performed in the current study, however, this is believed 

to be of minor implications to the overall findings.

Non-precious dental casting alloys containing chromium rely on the formation of a 

passive surface oxide layer to resist corrosion (Roach et al., 2000). However, the 

protective layer is not infallible, being susceptible to mechanical and chemical 

disruption (House et al., 2008; Eliades and Athanasiou, 2002; Roach et al., 2000). In 

addition, the passive oxide layer can slowly dissolve only to reform as the metal
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surface is exposed to oxygen from the air or surrounding medium (House et al., 2008; 

Grimsdottir et a l ,  1992a). Acidic conditions can accelerate the passivation process 

(Wataha et al., 1998), thereby enhancing the corrosion levels of compositional and 

non-compositional metal ions from the polished non-precious dental casting alloy. 

Clinically, Ni-based dental casting alloys placed in close contact with buccal and 

gingival tissues (Trombetta et a l,  2005; Schmalz et a l,  2000) have been previously 

shown to leach nickel ions at levels of 20-2000|iM (Wataha et al., 2008; Garhammer 

et a l, 2003; Wataha et al,. 2001b; Bergman et a l,  1980). The biological effects of 

leached nickel ions include contact hypersensitivity, inflammation of the buccal and 

gingival tissues and eventual loss of tissue (Schmidt et al., 2010; Gazel et al., 2008; 

Noble et a l, 2008; Hildebrand et al., 1989; Wataha et al., 1997).

The influence of C. albicans on maxillo-facial prostheses comprised of silicone 

monomers was investigated by Kurtulmus et al. (2010). The author concluded the 

fungal microorganism initially colonised the dental material resulting in the 

degradation o f the prostheses surface leading to failure (Kurtulmus et al., 2010). C. 

albicans and C. dubliniensis require a solid and non-shedding surface for initial 

colonisation and subsequent growth (Tanzer et a l, 2001). Therefore, it is postulated 

by the author that the colonisation of the oral environment with such oral 

microorganisms would inevitably result in microbial or fungal growth in the 

immediate environment of a non-precious dental casting alloy restoration. As the pH 

reducing capabilities of the oral microorganisms during growth are well established 

(Cannon et al., 2010; Tanzer et a l, 2001; Aamdal-Scheie et al., 1996; Hardie, 1982) it 

was postulated by the author that pre-treatment of the Ni-based and Co-Cr dental 

casting alloys with the oral microorganisms prior to direct or indirect exposure to the 

TR146 cells would significantly reduce the biocompatibility potential of the alloys 

(using the analyses of cell morphology, cell density measurements, the expression of 

inflammatory cytokines, cellular metabolic activity and cellular toxicity analysis) 

observed previously in Section 4.2. In addition, ICP-MS analyses were performed to 

determine the influence of S. mutans on the metal ion release profile previously 

observed for the dental casting alloys (Section 4.2).
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ICP-MS

The influence of S. mutans on the dental casting alloys on the levels of metal ion 

release following 1, 7 and 14 day immersion duration determined using ICP-MS 

analysis showed significantly increased levels of metal ion leachates compared with 

no S. mutans pre-treatment (Table 4.2.37). The pH lowering capacity o f S. mutans 

was postulated to be responsible for the enhanced metal ion leaching observed (Table 

4.3.44), with the Co-Cr dental casting alloy in particular releasing enhanced levels of 

metal ions (chromium (three-fold), iron (three-fold), cobalt (three-fold) and copper 

(eleven-fold)) (Table 4.2.37). Metal ion leaching for the non-precious dental casting 

alloys did not occur proportionally to the mass% composition, in accordance with the 

dental literature (Issa et al., 2008; Messer and Lucas, 2000; Bumgardner and Lucas, 

1995; Wataha et al., 1994, Bum.gardner and Lucas, 1993; Wataha et al., 1991; 

Pourbaix, 1984). In line with the previous study (Section 4.2) and the dental literature 

(Issa et al., 2008; Messer and Lucas, 2000; Bumgardner and Lucas, 1995; Wataha et 

al., 1994, Bumgardner and Lucas, 1993; Wataha et al., 1991; Pourbaix, 1984), nickel 

was released preferentially from the Ni-based dental casting alloys (d.Sign® 10 

(<418.9 |ig/L) and d.Sign® 15 (<455.8 |ng/L)). In addition, the presence of a non- 

compositional metal, copper, in the alloy immersion solutions of the S. mutans-XxQdXtd 

dental casting alloys (d.Sign®10 (<326.4 |ig/L), d.Sign®15 (<419.9 |ig/L) and 

d.Sign®30 (<65.8 |ig/L)) was a cause for concern due to the cytotoxicity potential of 

the metal (Nelson et al., 1999).

Therefore, the current study aimed to determine the biocompatibility o f non-precious 

dental casting alloys pre-treated with S. mutans, C. albicans and C. dubliniensis on a 

2D TR146 oral keratinocyte cell line. In the oral cavity, enhanced metal ion leaching 

from non-precious dental casting alloys in the presence of the oral microorganisms 

investigated may result in a localised environment of constantly altering pH levels 

(Wataha et a/., 1998). The dental casting alloys were determined to release higher 

levels of compositional and non-compositional metal ions following exposure to the 

oral microorganisms in vitro. Therefore, the long-term burden of metal ions released 

in vivo could be significantly amplified, which may consequently alter the biological 

response o f adjacent buccal and gingival tissues to the non-precious dental casting 

alloys.
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Cell Morphology

No studies in the dental literature have investigated the influence of oral 

microorganism treatment of non-precious dental casting alloys on the normal cellular 

function of epithelial or connective tissue. However, in line with the study findings of 

Wataha et al. (1998) it was anticipated the pH lowering effect of the oral 

microorganisms would alter the findings previously observed for non-treated dental 

casting alloys (Section 4.2). The S. mutans, C. albicans and C. dubliniensis treatment 

of the dental casting alloys resulted in the enhanced morphological alterations o f the 

TR146 cells compared with those observed following exposure to non-treated dental 

casting alloys (Section 4.2). In the previous study (Section 4.2), only the direct 

exposure of the d.Sign® 15 disc-shaped specimens to the TR146 cells for 48 h induced 

cell blebbing, indicative of apoptotic cell death (Vermeulen et al., 2005). However, 

both S. mutans-treated Ni-based (d.Sign®10 and d.Sign®15) alloys induced apoptotic 

cell death in the TR146 cells. This finding suggests S. mutans treatment was required 

for the d.Sign® 10 dental casting alloy to induce TR146 cell death, as indicated by the 

presence of cell blebbing (Vermeulen et al., 2005). The S. mutans-XvQaieA d.Sign® 10 

alloy immersion solutions were also shown to release increased levels of nickel, 

chromium, iron and copper ions compared with the non-treated d.Sign® 10 alloy 

immersion solutions over the same immersion duration (1-14 day), which the author 

postulated as being responsible for the adverse morphological alterations observed.

The oral microorganism-treated Co-Cr (d.Sign®30) dental casting alloy elicited 

morphological alterations in the TR146 cells following direct exposure for 48 h which 

is contrast to the findings o f the previous study (Section 4.2). Following indirect 

exposure of S. mutans and C. dubliniensis-ixQaXtd d.Sign®30 dental casting alloys to 

the TR146 cells for 48 h, a loss of cell membrane symmetry with cell shrinkage and 

detachment was induced with the exception of C. albicans. Therefore, the exposure of 

C. albicans to the d.Sign®30 dental casting alloy did not result in the leaching of 

metal ions capable of the inducement of morphological alterations, compared with S. 

mutans and C. dubliniensis-XreaXed d.Sign®30 disc-shaped specimens. A three fold 

increase in the levels o f chromium, iron and cobalt ions were detected from the S. 

TWMtora-treated d.Sign®30 alloy immersion solutions in addition to an eleven fold 

increase in copper as shown using ICP-MS analysis (Table 4.3.44).
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Cell Density

The treatment o f non-precious dental casting alloys in the clinically relevant surface 

finishing condition with oral microorganisms prior to direct or indirect exposure to the 

primary in vivo tissue target (oral keratinocytes) o f metal ion toxicity (Gazel et al., 

2008) has not been explored to date in the dental literature. However, the oral 

microorganism-treated dental casting alloys significantly decreased (P<0.0001) the 

cell density measurements compared with the non-treated alloys. The finding suggests 

that the pH lowering potential o f  S. mutans, C. albicans and C. dubliniensis resulted 

in elevated levels o f metal ion release from the treated dental casting alloys, which 

elicited the significant decrease in TR146 cell density measurements compared with 

the non-treated alloys. The ICP-MS analysis o f S. mutans-XredAed alloy immersion 

solutions highlighted elevated levels o f m.etal ion leachates com.pared with the non- 

treated alloy immersion solutions which confirmed the suggestion o f the author.

A comparison o f the cell density measurements determined following direct and 

indirect exposure o f the TR146 cells to the oral microorganism-treated d.Sign®30 

alloys and the non-oral microorganism-treated d.Sign®30 alloys highlighted an 

interesting disparity. No significant decrease (P=0.5610) in the cell density 

measurements were evident for the non-oral microorganism-treated d.Sign®30 alloys, 

however, the oral microorganism-treated d.Sign®30 alloys did elicit a significant 

decrease (P<0.0001). Therefore, the levels o f metal ions released by the non-oral 

microorganism-treated d.Sign®30 alloys, as determined using ICP-MS analysis (Table 

4.2.37), did not induce a significant loss o f TR146 cell density compared with the 

enhanced levels o f chromium, cobalt, iron and copper ions released by the oral 

microorganism-treated d.Sign®30 alloys (Table 4.3.44). In addition, it was interesting 

following indirect exposure to observe that the non-oral microorganism-treated 

TR146 cells (Figure 4.2.7) displayed an enhanced loss o f cell density compared with 

the S. mutans-XxeaiQd TR146 cells (Figure 4.3.8) at the initial 2 h exposure time. It is 

suggested by the author that the action o f exposure o f the dental casting alloys to S. 

mutans delayed the release o f metal ions, which following 24 h exposure time, elicited 

significantly increased levels o f cell density loss compared with the non-oral 

microorganism-treated TR146 cells. Such contrasting findings highlight the 

importance o f such oral microorganisms when evaluating the biocompatibility o f non

precious dental casting alloys. It is critical to reproduce as many environmental
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conditions present in the oral cavity (oral microorganisms, temperature, pH) as 

possible to enhance the clmical relevance o f  the study.

Expression o f  Inflammatory Cytokines

The expression o f  inflammatory cytokines from non-oral microorganism treated 

dental casting alloys (Section 4.2) were compared with the immune response elicited 

by the TR146 cells following exposure to the oral microorganism treated dental 

casting alloys. Each inflammatory cytokine investigated (IL -la  (P<0.0001), IL-8 

(P<0.0001), PGE2 (P<0.0001) and TNF-a (P<0.0001)) was expressed by the TR146 

cells in significantly increased levels following exposure to the oral-microorganism  

treated dental casting alloys compared with the non-oral microorganism treated dental 

casting alloys. The findings indicate that the level o f  metal ions released by the oral 

microorganism treated dental casting alloys (as shown using ICP-MS analysis) 

induced the significant levels o f  the inflammatory cytokines observed from the TR146 

cells. Therefore, the expression levels o f  the inflammatory cytokines expressed by the 

TR146 ceils following direct and indirect exposure to the oral-microorganism. treated 

Ni-based and Co-Cr dental casting alloys are indicative o f  a significant immune 

response and indicate a clinically important manifestation o f  an in vitro response to 

the dental casting alloys. In accordance with the findings o f  Wataha et al. (1998), the 

presence o f  oral microorganisms may result in a localised environment o f  constantly 

altering pH levels, therefore, amplifying the release o f  metal ions in vivo and eliciting 

an immune response in the buccal and gingival tissues adjacent to non-precious dental 

casting alloys when placed clinically.

Cellular M etabolic Activity

A comparison o f  the cellular metabolic activity responses o f  the TR146 cells 

following indirect exposure to the oral microorganism treated alloy immersion 

solutions with the non-oral microorganism treated alloy immersion solutions 

highlighted the treated alloy immersion solutions significantly decreased (P<0.0001) 

the cellular metabolic activity responses compared with the non-treated alloy 

immersion solutions. It is believed the enhanced levels o f  metal ion leachates elicited  

from the oral microorganism treated alloy immersion solutions (Table 4.3.44) were 

responsible for the significantly decreased cellular metabolic activity responses 

determined compared with the levels o f  metal ions released by the non-oral
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microorganism treated alloy immersion solutions (Table 4.2.37). Therefore, non

precious dental casting alloys in vivo may release significantly increased levels of 

metal ions when placed in an environment where oral microorganisms such as S. 

mutans, C. albicans and C. dubliniensis may be present.

Cellular Toxicity

Significantly increased (P<0.0001) levels of the LDH enzyme were released from the 

TR146 cells following indirect exposure to the oral microorganism treated alloy 

immersion solutions compared with the non-oral microorganism treated alloy 

immersion solutions. This finding indicates that the treatment of the alloy immersion 

solutions with S. mutans, C. albicans and C. dubliniensis significantly enhanced the 

levels of metal ions released from the dental casting alloys over the 14 day immersion 

duration compared with the non-oral microorganism treated alloy immersion solutions 

(Table 4.2.37). It was shown in the case of S. mutans-ixcdXtd alloy immersion 

solutions that significantly increased levels of all metal ions were leached (Table 

4.3.44) compared with the non-oral microorganism treated alloy immersion solutions. 

Therefore, it can be concluded the oral microorganism treatment o f non-precious 

dental casting alloy significantly increased the cellular toxicity potential compared 

with non-oral microorganism treatment. In vivo, the placement of a non-precious 

dental casting alloy restoration in an area adjacent to a population of oral 

microorganisms such as S. mutans, C. albicans  and C. dubliniensis may significantly 

decrease the biocompatibility of the restoration and induce cellular toxicity.

Conclusion

A comparative discussion of the findings of the cell morphology analyses, cell density 

measurements, the expression of inflammatory cytokines, cellular metabolic activity 

and cellular toxicity analysis with the dental literature was not possible due to the 

absence o f studies investigating such analyses for non-precious dental casting alloys 

pre-treated with oral microorganisms. However, it can be concluded from the current 

study that S. mutans, C. albicans and C. dubliniensis enhanced the loss of 

biocompatibility previously observed in Section 4.2 for each of the dental casting 

alloys. The effect of S. mutans exposure to the dental casting alloys was shown to 

significantly increase metal ion release over the immersion duration (1,7 and 14 days) 

compared with metal ion release from the non-oral microorganism-treated dental
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casting alloys (Section 4.2). Such a finding indicates the exacerbated release of metal 

ions from S. mutans-tieated dental casting alloys were a likely result of the reduction 

in pH known to occur during the S. mutans growth phase. Given the occurrence of 

oral carriage in the human population for the oral microorganisms investigated, in 

particular S. mutans, and the enhanced loss of biocompatibility of the TR146 cells 

observed following exposure to the non-precious dental casting alloys, the clinical 

implications for the long-term stability of metallic restorations in the oral environment 

are of a concern.

310



SECTION B



CHAPTER 6 LITERATURE REVIEW: 3D ORAL MUCOSAL MODELS

The ultimate principle of tissue engineering involves using the natural biology of a 

system to enable success in the development o f therapeutic strategies aimed at the 

maintenance, and/or enhancement of tissue function (MacArthur et al., 2005). The 

ideal tissue-engineered oral mucosal equivalent should imitate the native human oral 

mucosa (Figure 6.1) as closely as possible (Kinikoglu et al., 2009). Two-dimensional 

cell monolayers possess deficiencies in cell differentiation (Moharamzadeh et al., 

2007), since anatomically cell monolayer structures fail to represent the complex 

three-dimensional (3D) structure of native human oral mucosal tissue. Cell 

differentiation causes alterations to the cell dimension, membrane potential, metabolic 

activity and responsiveness to chemical and hormonal signals, due to changes in gene 

expression (Allombert-Blaise et al., 2003). In addition, 2D cell monolayer structures 

lack a supportive connective tissue, a basement membrane and an extracellular matrix 

(Klausner et al., 2007) which can lead to an increased susceptibility to toxins and 

inappropriate immune responses. According to Kinikoglu et al. (2009) an oral 

mucosal equivalent should comprise two distinct layers, an outer layer of stratified 

squamous epithelium and an underlying layer of dense connective tissue (lamina 

propria) to provide structural support for the epithelial layer.

Connective tissue comprising gingival fibroblasts is a critical component in an oral 

mucosal equivalent (Moharamzadeh et al., 2007). Gingival fibroblasts have an 

essential role in epithelial tissue differentiation (MacKenzie et al., 1993; Saintigby et 

al., 1993), oral keratinocyte adhesion (Moharamzadeh et al., 2007) and the formation 

of the complex dermal-epithelial basement membrane by extracellular matrix (Meme 

et al., 2003; Okazaki et al., 2003). According to Moharamzadeh et al. (2007) the 

phenotype and profile o f epithelial cytokeratin expression is influenced by the nature 

and origin o f the fibroblasts comprising the connective tissue. The basement 

membrane is an important feature in an oral mucosal model as in vivo the basement 

membrane is the attachment zone for epithelial tissue in order to resist sheer stress in 

the oral cavity (Kinikoglu et al., 2009; Feinberg et al., 2005). In addition the 

basement membrane has a critical role in wound healing and disease in vivo (Izumi et 

al., 2003).
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Figure 6.1 Schematic image of the structure o f native human oral mucosal tissue. 

The oral keratinocytes comprising the epithelial tissue layer are evident overlying the 

lamina propria, which consists of connective tissue (gingival fibroblasts), capillaries 

for vascularisation, immune cells (macrophages) and extracellular matrix (Sonis, 

2004).

Recent advances in tissue-engineering have led to the development o f oral mucosal 

equivalents using Alloderm™ (Moharamzadeh et al., 2008a,b; Izumi et al., 2003,1999; 

Livsey et al., 1995) or a collagen-coated micro-porous membrane (Klausner et al., 

2007). Livesey et al. (1995) reported that when grafted into a murine model, 

Alloderm™ allowed the host fibroblasts and endothelial cells to rapidly cultivate in the 

lamina propria with the host keratinocytes integrating and differentiating through the 

basement membrane. Izumi et al. (1999) initially investigated the composite human 

oral mucosal equivalent, Alloderm™, for the purpose o f intra-oral surgical 

reconstruction. Primary oral keratinocytes were seeded onto Alloderm™ discs and 

incubated for 14 days where the author deemed the oral mucosal equivalent to be fully 

differentiated. However, the presence o f connective tissue is a requirement for an 

epithelial tissue to become fully differentiated (Moharamzadeh et al., 2008a,b,2007). 

Therefore, the absence of connective tissue in the Alloderm™ structure developed by
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Izumi et al. (1999) meant that the ‘oral mucosal equivalent’ was little more than a 2D 

oral keratinocyte cell monolayer structure. In 2003, Izumi et al. employed Alloderm™ 

for the purpose of surgical intra-oral reconstruction o f cancerous lesions. Oral 

keratinocytes were harvested from patients undergoing surgery and were cultivated 

onto Alloderm™ sheets prior to reconstructive surgery. However, the approach 

undertaken by Izumi et al. (2003) was not entirely successful as the majority of 

patients experienced an inflammatory response due to necrotic and bacterial infections 

as a consequence of a lack o f vascularisation and associated contraction o f the 

Alloderm’̂” graft. It may be worthwhile noting that Izumi et al. (2003) may have had 

an enhanced clinical outcome if the Alloderm^” sheets employed were seeded with 

gingival fibroblasts in addition to the oral keratinocytes used. Gingival fibroblasts 

have been shown to have a high level of proliferation and can infiltrate connective 

tissue, such as the oral mucosal equivalent employed quicker than oral keratinocytes 

(Moharamzadeh et al., 2008a,b). Klausner et al. (2007) developed an oral mucosal 

equivalent for the purpose of investigating the irritation potential o f oral care 

products. Primary human oral keratinocytes and gingival fibroblasts were harvested 

and seeded onto a collagen-coated micro-porous membrane which was grown for a 

minimum of 9 days or until a cell thickness of 8 to 9 layers had been achieved. The 

oral mucosal equivalents was exposed to oral care products and were subsequently 

assayed for cellular metabolic activity responses using the MTT assay and for the 

expression of IL -la  and IL-ip inflammatory cytokines. However, the Klausner et al. 

(2007) model cannot be considered a differentiated and full-thickness oral mucosal 

equivalent due to the lack o f a human-derived composite de-epidermidised dermis as 

evident in Alloderm™. The reluctance to employ Alloderm™ (Klausner et al., 2007) as 

a scaffold material in oral mucosal equivalents may due to the cost o f the material as 

highlighted by Moharamzadeh et al. (2008a) for the purpose of routinely evaluating 

dental material biocompatibility, in effect it may not be cost-effective. Additionally, 

Moharamzadeh et al. (2008a) outlined the potential for ethical concerns associated 

with the use of a cadaveric human dermis for the purpose of biocompatibility 

analyses. However, Alloderm™ as a scaffold material has been shown to provide good 

in vitro biostability compared with synthetic scaffolds such as a collagen type I 

membrane (Moharamzadeh et al., 2008a) in association with the ability to biodegrade 

in vivo (Izumi et al., 2003).
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M oharamzadeh et al. (2008a) investigated metal based scaffold structures, porous 

collagen membrane scaffolds and Alloderm^” scaffolds for the purpose o f developing 

an ‘oral mucosal equivalent’ and concluded the Alloderm™ scaffold was the most 

suitable for biocompatibility evaluation o f dental materials. In the M oharamzadeh et 

al. (2008b) study, Alloderm™ was employed in association with immortalised oral 

keratinocytes and gingival fibroblasts to investigate the biocompatibility concerns o f 

RBCs, using the alamar blue assay and ELISAs. The oral mucosal equivalent 

developed by M oharamzadeh et al. (2008b) identified that cell differentiation 

occurred, manifest as cytokeratin expression using immunofluoresence analysis. The 

cytokeratin expression profile o f a tissue is indicative o f not only the cell type present 

but critically the differentiation status o f the keratinocytes within distinct layers o f the 

epithelial tissue. Additionally, M oharamzadeh et ol. (2008b) showed the cell 

differentiation profile to be similar to native human oral mucosal tissue through the 

detection o f cytokeratin 5 (K5), 19 (K19) and 10 (KIO). However, the Moharamzadeh 

et al. (2008b) study could not be determined to be fully human derived due to the 

employment o f immortalised oral keratinocytes rather than primary oral keratinocytes.

According to Kinikoglu et al. (2009) oral mucosal equivalent engineering based on 

the use o f primary human oral tissue types is a ‘newly emerging field’ and that little 

research was evident in the dental literature on the development o f full-thickness oral 

mucosal equivalents in vitro reconstructions comprising epithelial and connective 

tissue layers. Emerging concerns throughout the dental literature highlight the 

potential o f  in vitro experiments conducted on 2D cell monolayer structures to be of 

low relevance due to the lack o f cell to cell complexities and interactions in 

association with a lack o f structural similarity (Groeber et al., 2011; Green et al., 

2008) The author postulated that the oral mucosal equivalent originally developed by 

M oharamzadeh et al. (2008a,b) could be enhanced in order to simulate the native 

human oral mucosa as closely as possible using primary human cells and the human 

derived Alloderm™ scaffold material. The culturing o f the oral mucosal model at the 

air/liquid interface for several days aimed to encourage the differentiation o f the oral 

keratinocytes throughout the epithelial tissue layer.

315



6.1 Aims and Objectives

The aim o f the current study was to estabUsh the biocompatibility potential o f  dental 

casting alloys, using a novel, human-derived, full-thickness and differentiated 3D 

tissue-engineered oral mucosal model. In contrast to the 2D cell monolayer studies in 

the literature the primary cell based ‘oral mucosal m odel’ permitted multiple 

responses to the dental casting alloys to be determined simultaneously with ‘real

tim e’ assessment capabilities that supported the clinical relevance. The 

biocompatibility o f the oral mucosal model was determined following direct exposure 

to non-precious dental casting alloys or indirect exposure to alloy immersion 

solutions. Assessment involved using cell viability measurements, the expression o f 

inflammatory cytokines, cellular toxicity analysis, and oxidative stress responses in 

conjunction with histological analyses.
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CHAPTER 7 GENERAL MATERIALS AND METHODS: 3D ORAL
MUCOSAL MODELS

The materials and methods which apply to most of the experimentation in this section

o f the thesis are described, however, procedures which are specific to particular

experiments will be described in the relevant subsections of Chapter 8.

7.1 Disc-shaped Specimens

The Ni-based (d.Sign®10 and d.Sign®15) and Co-Cr (d.Sign®30) dental casting alloys 

employed (Table 3.1) were cast into disc-shaped specimens (10.0 mm diameter and 

1.0 mm thickness) in accordance with Section 3.2. Alumina particle air abrasion was 

used to remove the investment material (Section 3.2) and the polished surface 

finishing condition was achieved for each dental casting alloy using rubber polishing 

wheels (Section 3.3).

7.2 Chemicals and Enzymes

All chemicals used were of analytical-grade, cell culture-grade or molecular biology- 

grade and were purchased from Sigma-Aldrich Ltd. (Dublin, Ireland) unless otherwise 

stated. Enzymes used for the cell culture procedures were purchased from Invitrogen 

(Bio-Sciences Ltd., Dublin, Ireland) and Sigma-Aldrich Ltd.

7.3 Primary Cell Culture

Tissue Origin

Buccal and/or palatal tissues were obtained from informed healthy adult patients 

(n=15) presenting for the routine removal of third molar teeth at the Dublin Dental 

University Hospital. Full ethical approval for the current section of the study was 

obtained from the Faculty Research Ethics Group, Faculty of Health Sciences, Trinity 

College Dublin, Ireland. All tissues of human origin were destroyed at the conclusion 

of the study in accordance with the Faculty Research Ethics Group guidelines.
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Media

The gingival fibroblasts were routinely maintained in Green’s Medium (GM) which  

was comprised o f  60% DM EM, 21% Hams F-12 Medium and supplemented with 50 

|j,g/mL penicillin, 50 |ig/mL streptomycin, 10%> FBS, 2.5 |ig/mL amphotericin B, 5 

|Ug/mL insulin, 10 ng/mL human epidermal growth factor (EGF), 2x10'^ mol/L L- 

glutamine, 0.4 fxg/mL hydrocortisone, 5 |ig/m L transferring triiodothyronine and lO''̂  

mol/L adenine. The pH level o f  the GM was corrected to 7.0-7.4 and was stored at 

4°C for a maximum o f  seven days.

The oral keratinocytes were routinely cultured in Keratinocyte Growth Medium  

(KGM). The KGM was comprised o f  64% DMEM, 23% Hams F-12 supplemented 

with 10%) FCS, 100 |ig/m L penicillin, 100 ^g/mL streptomycin, 2.5 |ig/m L  

amphotericin B, 10 ng/mL EGF, 0.5 |ig/mL hydrocortisone, 5 |ig/m L insulin, l.SxlO''* 

M adenine and 10''*̂  M cholera toxin.

Primary Cell Line Isolation

Upon surgical removal from the donor, the buccal and/or palatal tissue was 

transferred into a 10 mL solution o f  Ix DPBS and stored at 4°C for a maximum o f  3 

h. The tissue was washed three times with 10 mL o f  DMEM supplemented with 100 

)ig/mL penicillin, 100 |.ig/mL streptomycin and 2.5 |ig/m L amphotericin B. 

Subsequently, the tissue was enzymatically treated with 10 mL o f  a 2.5 mg/mL  

solution o f  D ispase  /  prepared in DMEM at 4°C for 12 h, prior to activation at 37°C  

for 30 mins. The enzyme-treated tissue was transferred into 5 mL o f  DMEM where 

the connective tissue was separated from the epithelial tissue using a sterile scalpel.

Connective Tissue

The connective tissue was incubated in a 10 mL solution o f  0.05% (w/v) collagenase 

type I (Invitrogen) at 37°C for 12 h, prior to centrifugation at 1500 rpm for 4 mins. 

The pellet was subsequently re-suspended in 20 mL o f  GM, inoculated into a T-25 

cell culture flask pre-coated with poly-D -lysine and collagen (Cellcoat®, Greiner B io- 

One Ltd., Gloucester, UK) and maintained under normal incubation conditions in a 

5%) CO2 atmosphere at 37°C until at least 70%> cell confluency was achieved.
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Epithelial Tissue

The enzyme-treated epithehal tissue was washed three times in 5 mL KGM followed 

by fine dissection using a sterile scalpel. The tissue was re-suspended in 20 mL of 

KGM, added to a T-25 cell culture flask and maintained under normal incubation 

conditions until at least 70% cell confluency was achieved.

Cell Maintenance

The gingival fibroblast cells required feeding every 2-3 days, depending upon the 

passage number or when the pH indicator (phenol red) changed colour from red to 

yellow. The cell culture media was discarded and the adherent gingival fibroblast 

cells were washed three times with fresh (10 mL) GM pre-warmed to 37°C to ensure 

that all remaining media was removed. A 20 mL volume of fresh GM pre-warmed to 

37°C was added to the cell culture flask. The adherent cells were re-incubated under 

normal incubation conditions at 37°C until a minimum of 70% confluence had been 

achieved or when a decrease in pH was indicated by the phenol red.

Oral keratinocyte cells were fed every 4-5 days when the phenol red indicator 

changed colour. The cell culture media was decanted and discarded and the attached 

oral keratinocytes were washed with 10 mL KGM pre-warmed to 37°C three times. A 

20 mL volume o f fresh KGM at 37°C was added to the cell culture flask and re

incubated under nornial conditions at 37°C until a minimum of 70% confluence had 

been achieved or the phenol red indicator changed colour.

Trvpsinisation

When the gingival fibroblast and oral keratinocyte cells achieved a minimum of 70% 

confluence, the cells were trypsinised. A 10 mL solution of 0.25% (w/v) trypsin- 

EDTA was added to the confluent cells and incubated under normal conditions at 

37°C for 5 mins. The cells were detached from the cell culture flasks by forcible 

pippetting and the resulting cell suspensions were centrifuged at 250 g  for 5 mins. The 

cell supernatants were discarded and the pellets re-suspended in GM (gingival 

fibroblasts) or KGM (oral keratinocytes). A haemocytometer was used to estimate the 

cell density by adding a 1:1 (v/v) of the re-suspended cell pellets (gingival fibroblasts 

and oral keratinocytes, respectively) and 0.4% trypan blue dye solution. The cells
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used for the continuation of the cell lines were employed at a density o f IxlOVmL in 

10 mL GM or KGM (for gingival fibroblasts and oral keratinocytes, respectively) and 

seeded into fresh cell culture flasks prior to incubation under normal conditions at 

37°C.

Cell Storage and Revival

The gingival fibroblast and oral keratinocyte cells obtained from the donor tissues 

were stored in liquid nitrogen for extended periods o f time. Following trypsinisation, 

gingival fibroblast and oral keratinocyte cell densities of 5xlO^/mL in a solution of 

10% DMSO in DMEM were prepared. The gingival fibroblast and oral keratinocyte 

cell suspensions (1.5 mL volume) were aliquoted into CryoPure tubes followed by 

incubation in the “Mr. Frosty” Cryo 1°C freezing container storage unit at -80°C for 

12 h and subsequently transferred into a liquid nitrogen container for storage. The 

gingival fibroblast and oral keratinocyte cells were revived by transferring the tubes to 

a waterbath maintained at 37°C followed by decanting o f the cell suspensions into 15 

mL of GM (gingival fibroblasts) or 15 mL of KGM (oral keratinocytes) pre-warmed 

to 37°C. The gingival fibroblast and oral keratinocyte cell suspensions were 

centrifuged at 250 g  for 10 mins, the supernatant decanted and discarded. A further 20 

mL of GM (gingival fibroblasts) or 20 mL of KGM (oral keratinocytes) was added to 

the pellets which were subsequently re-suspended. The cell suspensions were 

transferred to sterile cell culture flasks followed by incubation at 37°C under normal 

conditions until a minimum of 70% confluence had been achieved.

Scaffold Preparation and Seeding

Dehydrated Alloderm™ GBR strips (LifeCell Corp., Biohorizons UK, Berkshire, UK) 

of 4.6-4.8 mm thickness were punched with a stainless steel borer (Sigma-Aldrich 

Ltd.) to produce 11.5 mm diameter discs. The Alloderm™ discs were immersed in 10 

mL Ix DPBS for 30 mins to facilitate re-hydration of the Alloderm™ discs. The 

Alloderm™ discs were transferred into a sterile and tissue culture-tested 12.0 mm 

diameter polycarbonate insert (Corning® Transwell® insert, Corning Inc., Fischer 

Scientific, Leicestershire, UK) comprising a 0.4 |am pore size membrane (Figure 7.1).
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Figure 7.1 Schematic diagram of the oral mucosal model comprising an 11.5 mm 

diameter discs of Alloderm™ seeded with gingival fibroblasts on the connective tissue 

aspect and oral keratinocytes seeded on the basement membrane aspect. The seeded 

Alloderm™ disc is located in a polycarbonate insert comprising a 0.4 ^m pore size 

membrane.

Gingival Fibroblast Seeding

The connective tissue aspect o f the Alloderm™ GBR disc was adjusted upwards and 

approximately 5x10^ gingival fibroblast cells in 800 |aL GM (harvested using 

trypsinisation) were inoculated onto the connective tissue aspect of the Alloderm™ 

GBR disc. A similar volume (800 |iL) of DMEM which was equivalent to that 

inoculated on the connective tissue aspect o f the Alloderm™ GBR disc, was added to 

the lower aspect of polycarbonate insert to prevent dehydration and the structure was 

incubated under normal conditions at 37°C for 72 h.

Oral Keratinocyte Seeding

The polycarbonate insert was re-opened and the Alloderm™ GBR disc inverted such 

that the connective tissue aspect was now facing downwards. Approximately 5x10^ 

oral keratinocyte cells in 800 KGM (harvested using trypsinisation) were added to 

the upwardly facing basement membrane and the polycarbonate insert closed. The 

structure was re-incubated under normal conditions at 37°C for a further 24 h at 

which point the GM for the gingival fibroblast cells and the KGM for the oral 

keratinocyte cells were discarded and replaced with fresh GM and KGM. The 

structure was fully submerged and incubated under normal conditions at 37°C for a
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further 48 h. To encourage differentiation and growth o f the oral keratinocyte cells, 

the air/liquid interface was gradually raised over the next 4 days of incubation (under 

normal conditions at 37°C). The media was reduced from the initial 800 volume of 

KGM to 650, 500, 350 and 250 |iL of KGM over the next 1, 2, 3 and 4 days, 

respectively, to produce a full-thickness ‘oral mucosal model’.

7.4 Alloy Exposure Methods

The polished disc-shaped specimens were sterilised (Section 3.5) prior to direct and 

indirect exposure to the oral mucosal models.

Direct Exposure

The sterilised polished disc-shaped specimens were directly placed onto the basement 

membrane aspect o f the fully differentiated oral mucosal model. The oral mucosal 

models were subsequently incubated under normal conditions at 37°C for the 

exposure times specified for individual analyses (2, 24, 48 and 72 h). Following direct 

exposure the disc-shaped specimens were aseptically removed from the oral mucosal 

models which underwent immediate testing and analyses.

Indirect Exposure

The sterilised polished disc-shaped specimens were transferred into 50 mL screw- 

capped tubes containing 50 mL of SFM for 1, 5, 9 and 14 day immersion durations at 

room temperature. At each immersion duration, the disc-shaped specimens were 

aseptically removed and the resulting immersion solutions were either stored at 4°C 

until required or inoculated onto the basement membrane aspect o f the oral mucosal 

model for further testing and analysis. Indirect exposure o f the oral mucosal models 

for specific exposure times (2, 24, 48 and 72 h) was performed and the oral mucosal 

models were incubated under normal conditions at 37°C prior to testing and analysis.

7.5 Histological Analysis

Histological analyses of the untreated control oral mucosal models and following 

direct and indirect exposure to the polished dental casting alloys were performed.
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Slide Preparation

A 100 mL solution of chrome gelatine was prepared using bovine gelatine type A (3 

g/L) and chromium potassium sulphate (0.5 g/L) using sterilised Milli-Q® Biocel- 

purified water. The chrome gelatine solution was heated to 60°C, allowed to cool to 

room temperature and filtered using a 0.22 |im pore size filter. The solution was 

subsequently maintained at 45°C and clean glass slides were immersed into the 

solution for 1 min, allowed to air dry and incubated at 37°C for 12 h prior to use.

Fixation

The untreated control oral mucosal models and the oral mucosal models following 

direct and indirect exposure to the dental casting alloys were prepared for histological 

analysis by initial fixation in a solution of 10% formalin prepared in Ix DPBS for a 

maximum of 4 h. The oral mucosal models were subsequently oriented into the 

desired position on a cork-based chuck and embedded in a water soluble glycol and 

resin specimen matrix (OCT Tissue-Tek'^'^ Containing Compound; Sakura Finetek, 

Syntec Scientific Ltd., Dublin, Ireland). The embedded oral mucosal models were 

incubated at -20°C for a minimum of 30 mins prior to cryosectioning to ensure the 

specimen matrix had frozen.

Cryosectioning

Sections (5 |im in thickness) were prepared using a hand-operated Cryostat (Leica 

CM 1900, Leica Microsystems, Dublin, Ireland) which was maintained at a constant 

temperature (-20 to -22°C) and the sections were immediately placed onto subbed 

slides. The slides were incubated at room temperature for 5 mins prior to staining with 

haematoxylin and eosin (H&E) to enhance the adhesion of the embedded oral 

mucosal model sections to the gelatine-based subbed slides.

Haematoxylin and Eosin

The H&E staining technique was used to enable the visualisation of nuclear and 

cytoplasmic components of eukaryotic cells. The slides were hydrated in absolute 

alcohol on two occasions for time periods of 30 s. Subsequently the slides were 

immersed in 96% alcohol with agitation for 30 s followed by immersion in 70% 

alcohol for an additional 30 s. The slides were rinsed in slow running sterilised Milli- 

Q® Biocel-purified water and immersed into Harris haematoxylin for 15 mins. The

323



slides were decolourised in slow  running sterilised Milli-Q® Biocel-purified water 

prior to immersion in 1% acid alcohol (comprised o f  1% hydrochloric acid and 99%  

o f  70% alcohol) for 30 s with extreme care taken to ensure the section did not 

delaminate from the glass slide. The glass slides were rinsed again in slow  running 

Milli-Q® Biocel-purified water for a further 3 mins followed by immersion in 0.5%  

eosin for 2 mins. The slides were dehydrated in 70% alcohol for 30 s, 96% alcohol for 

30 s and two separate absolute alcohol rinses for 30 s each. The glass slides were 

permanently fixed in a volatile solution comprising o f  distyrene, tricresyl and xylene  

(DPX resin mountant) and coverslips were added. The slides were incubated at room  

temperature for 10 mins prior to further handling and examination using light 

microscopy.

7.6 A nalyses

The analyses used in the current study included cell viability using the alamar blue 

assay, the expression o f  IL -la , IL-8, PGE2 and TNF-a inflammatory cytokines using 

ELISAs, cellular toxicity determination using the LDH assay and oxidative stress 

analysis by measuring the levels o f  intracellular reduced glutathione (GSH) following  

direct and indirect exposure to the sterilised polished dental casting alloys.

Cell Viabilitv

The viability o f  the oral mucosal m odels following direct and indirect exposure to the 

alloy immersion solutions (1, 5, 9 and 14 day immersion duration) were determined at 

2, 24, 48 and 72 h (exposure time) using a resazurin sodium salt-based non-toxic 

alamar blue assay. The alamar blue dye was prepared as a 10% solution in DMEM. 

Prior to the assay measurement, all media/dental casting alloy discs/alloy immersion 

solutions were removed from the oral mucosal models. A 500 volume o f  the 

alamar blue dye was added to oral mucosal models and incubated under normal 

conditions at 37°C for 4 h. Aliquots o f  100 |aL were decanted into 96 well cell culture 

dishes and the fluorescence intensity was determined using a spectrophotometer at an 

excitation wavelength o f  530 nm and an em ission wavelength o f  580 nm. The alamar 

blue dye solution and the untreated control oral mucosal m odels were used as 

negative controls and all experiments were performed in triplicate on at least three 

separate occasions.
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Expression o f  Inflammatory Cytokines

The expression o f  the IL -la , IL-8, PGE2 and TNF-a inflammatory cytokines were 

investigated follow ing direct exposure to the dental casting alloy disc-shaped 

specim ens at 24 h and following indirect exposure to the alloy immersion solutions (1, 

5, 9 and 14 day) at 24 h. Aliquots o f  the suspension solution from the oral mucosal 

m odels were removed and used immediately or stored at -20°C until required. ELISA  

assays were performed in accordance with Section 3.9 and all ELISAs were 

performed in triplicate on at least three separate occasions. The untreated control oral 

m ucosal m odels were used as negative controls and all experiments were performed 

in triplicate on at least three separate occasions.

LDH Release

The cellular toxicity assessment o f  the oral mucosal models following or indirect 

exposure was determined by LDH release measurement at 2, 24, 48 and 72 h 

(exposure time) in accordance with the procedure in Section 3.9. The oral mucosal 

m odels treated with 500 |iL o f  1% Triton-X 100 were used as the positive controls 

and all experiments were performed in triplicate on at least three separate occasions.

Oxidative Stress

The levels o f  intracellular reduced glutathione (GSH) which can act as an indicator o f  

oxidative stress were investigated for the untreated control oral mucosal models and 

follow ing direct and indirect exposure using the GSH-Glo™ Glutathione assay 

(Promega, Dublin, Ireland) at 2, 24, 48 and 72 h. The oral mucosal model was 

hom ogenised in a 2 mL solution o f  2 mM ethlyenediaminetetraacetic acid (EDTA) in 

Ix DPBS. The resulting suspension was centrifuged at 250 g' for 10 mins, the pellet 

discarded, the supernatant placed on ice and assayed immediately or stored at -80°C 

until required. A  50 |iL volume o f  the supernatant was added to each well o f  a 96 well 

cell culture plate to which 50 (xL o f  the supplied GSH-Glo^” Reagent 2X was added. 

The solutions in each well were thoroughly mixed and incubated at room temperature 

for 30 mins. A  100 |iL volume o f  the supplied Luciferin Detection Reagent was added 

to each w ell and mixed for 5 mins on an orbital plate shaker. The cell culture plate 

was subsequently incubated at room temperature for 15 mins followed by 

luminescence analysis o f  the w ells using the spectrophotometer. The maximum  

reduced GSH levels was determined by treating the oral mucosal model with a
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solution of 500 of L-buthionine-sulfoximine (BSO) with concentrations ranging 

from 0-500 |iM in Ix DPBS. The untreated control oral mucosal models were used as 

the negative controls and all experiments were performed in triplicate on at least three 

separate occasions (GSH-Glo™ Technical Instructions, Promega).
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CHAPTER 8 EXPERIMENTAL: 3D ORAL MUCOSAL MODELS

8.1 Direct Exposure to the Dental Casting Alloys

Study Rationale

The aim of the current section of the study was to establish the biocompatibility of the 

human-derived, full-thickness, 3D oral mucosal model following direct exposure to 

the sterilised (Section 3.5) and polished (Section 3.3) Ni-based (d.Sign®10 and 

d.Sign® 15) and Co-Cr (d.Sign®30) dental casting alloy disc-shaped specimens. The 

analyses investigated were histological analyses, cell viability measurements, the 

expression of inflammatory cytokines, cellular toxicity analysis and oxidative stress 

responses. The objective of the study was to use the anatomically relevant 3D oral 

mucosal model to compare the biocompatibility of the polished dental casting alloys 

following direct exposure.

8.L1 Materials and Methods

Primary gingival fibroblasts and oral keratinocytes were harvested (Section 7.3) and 

maintained to >70% confluence (Section 7.3). The oral mucosal models were 

established (Section 7.3) and maintained (Section 7.3) under normal incubation 

conditions until a full-thickness oral mucosal model was achieved.

8.L2 Alloy Exposure

Direct exposure o f the sterilised Ni-based (d.Sign® 10 and d.Sign®15) and Co-Cr 

(d.Sign®30) disc-shapcd-specimens to the oral mucosal models was performed in 

accordance with Section 7.4 and incubated under normal conditions. At the specified 

time points (2, 24, 48 and 72 h), histological analyses (Section 7.5), cell viability 

measurements, the expression of inflammatory cytokines, cellular toxicity and 

oxidative stress responses were performed (Section 7.6).
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Statistical Analyses

Regression analyses were performed on the cell viability measurements using the 

alamar blue assay for the untreated control oral mucosal model and following direct 

exposure for 2, 24, 48 and 72 h to the polished dental casting alloys investigated. The 

pooled cell viability measurements for the untreated control oral mucosal model and 

following direct exposure to the polished disc-shaped specimens was analysed using a 

one-way AN O V A. The cell viability measurements at 2, 24, 48 and 72 h for each 

polished dental casting alloy were examined using Tukey’s post-hoc tests. Linear 

regression analyses were performed on the expression o f  inflammatory cytokine (IL- 

la , IL-8, PGE2 and TNF-a) levels for the untreated control oral mucosal model and 

following direct exposure for 2, 24, 48 and 72 h to the polished disc-shaped 

specimens. The pooled expression o f  the inflammatory cytokines were determined 

using four one-way A N O V A s for the untreated control oral mucosal model and 

following direct exposure to the polished dental casting alloys at 2, 24, 48 and 72 h 

with associated Tukey’s post-hoc tests. The cellular toxicity levels were investigated 

using linear regression analyses for the Triton-X treated control oral mucosal model 

and following direct exposure to the polished dental casting alloys (2-72 h). A  one

way AN O V A  and associated Tukey’s post-hoc tests were performed on the pooled  

cellular toxicity data for the Triton-X treated control oral mucosal model and 

following direct exposure to the polished disc-shaped specimens. The oxidative stress 

responses o f  the untreated oral mucosal model and following direct exposure to the 

polished dental casting alloys were determined using linear regression analyses. The 

levels o f  reduced GSH detected for the untreated oral mucosal model and following  

exposure to the polished disc-shaped specimens were pooled and a one-way AN O V A  

and associated Tukey’s post-hoc tests performed.
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8.1.3 Results

Histological Analysis

Following 10 days o f growth under normal incubation conditions, the untreated 

control oral mucosal model showed the tissue layers (epithelial and connective 

comprising the oral keratinocytes and gingival fibroblasts, respectively) had thickened 

when viewed using H&E staining techniques. Additionally, a defined boundary was 

visible which separated the epithelial and connective tissue layers (Figure 8.1.1a). The 

H&E staining of the oral mucosal model following direct exposure to the polished 

d. Sign® 10 disc-shaped specimen for 72 h (day 10 growth) highlighted a loss of 

cellular thickness and compactness in the epithelial and connective tissue layers 

(Figure 8.1.1b). Furthermore, vacuolisation o f the epithelial and connective tissue 

layers was evident and no defined tissue layer boundary was distinguishable between 

the epithelial and connective tissue layers (Figure 8.1.1b). Following direct exposure 

to the polished d. Sign® 15 dental casting alloy at 72 h (day 10 growth) a significant 

loss o f cellular thickness and compactness in the epithelial and connective tissue 

layers was evident and extensive vacuolisation of the epithelial and connective tissue 

was apparent (Figure 8.1.1c). The H&E stained section of the oral mucosal model, 

following direct exposure to the polished d.Sign®30 disc-shaped specimens at 72 h 

(day 10 growth), retained the morphological appearance of the untreated control oral 

mucosal model (Figure 8.1.1a). A high level o f cellular compactness with thick 

epithelial and connective tissue layers in conjunction with a defined boundary 

separating the epithelial and connective tissue layers was evident (Figure 8.1. Id).
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(a) (b)

Figure 8.1.1 Visual assessment o f the (a) untreated control oral mucosal model at 

10 days growth under normal incubation conditions and following direct exposure to 

the polished (b) d.Sign®10, (c) d.Sign®15 and (d) d.Sign®30 dental casting alloys for 

72 h. (OE: oral epithelium layer comprising the oral keratinocytes; CT: connective 

tissue comprising the gingival fibroblasts).

Preliminary Remarks

• The oral mucosal models following direct exposure to the polished Ni-based 

(d.Sign®10 and d.Sign®15) disc-shaped specimens for 72 h elicited a critical loss of 

cellular thickness and compactness o f the epithelial and connective tissue layers 

compared with the untreated control oral mucosal model.

• The polished d. Sign® 15 dental casting alloy induced a higher level o f 

morphological damage compared with the polished d.Sign®10 dental casting alloys at
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72 h exposure manifest as increased vacuolization of the epithelial and connective 

tissue layers.

• No adverse morphological alterations were highlighted following direct 

exposure of the oral mucosal model to the polished d.Sign®30 disc-shaped specimens 

for 72 h with a morphology similar to the untreated control oral mucosal model 

evident.

8.1.4 Alloy Exposure Methods

Cell Viability

The cell viability measurements obtained using the alamar blue assay for the untreated 

control oral mucosal model and following direct exposure to the polished Ni-based 

(d.Sign®10 and d.Sign®15) and Co-Cr (d.Sign®30) disc-shaped specimens for 

increasing exposure times o f 2, 24, 48 and 72 h are shown in Figure 8.1.2.
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Figure 8.1.2 The cell viability measurements determined using the alamar blue 

assay for the untreated control oral mucosal model and following direct exposure to 

the polished d.Sign® 10, d.Sign®15 and d.Sign®30 dental casting alloys with 

increasing exposure times of 2, 24, 48 and 72 h.
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The maximum cell viability measurements of the untreated control oral mucosal 

model were established using the alamar blue assay following incubation under 

normal conditions from 2 to 72 h. A linear regression analysis highlighted an increase, 

although not a significant increase (P=0.5561), in the cell viability measurements of 

the untreated control oral mucosal model was evident with increasing incubation time 

(Figure 8.1.3).
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Figure 8.1.3 Linear regression analysis: The cell viability measurements determined 

using the alamar blue assay for the untreated control oral mucosal model with 

increasing incubation time (2, 24, 48 and 72 h).

Fitted lines:

Linear: y=1.3x + 87.8 r^=0.0357 P=0.5561 df=10

The cell viability measurements of the oral mucosal models following direct exposure 

to the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens for 2, 24, 

48 and 72 h were also analysed using linear regression. Significant decreases in the 

cell viability measurements were evident following direct exposure of the oral 

mucosal models to the polished d.Sign®10 (P=0.0001) and d.Sign®15 (P=0.0001)
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disc-shaped specimens, however, no significant difference was observed with the 

polished d.Sign®30 (P=0.0981) specimens with increasing exposure time (2-72 h). 

Significance values for the linear regression analyses are quoted rather than providing 

the individual regression analyses, however, all statistical analyses are available in the 

Appendices.

Equation of the Line r' P value df

Control y=1.3x + 87.8 0.0357 0.5561 10

d.Sign®10 y=-9.8x + 63.7 0.7912 0.0001 10

d.Sign'^15 y=-6.6x + 35.9 0.8006 0.0001 10

d.Sign®30 y=-1.6x + 64.0 0.2496 0.0981 10

Table 8.1.1 Comparison of the linear regression analysis data (equation of the line,

r^, P values and df) for the cell viability measurements obtained using the alamar blue 

assay for the untreated control oral mucosal model and following direct exposure to 

the polished d.Sign® 10, d.Sign® 15 and d.Sign®30 disc-shaped specimens at 2, 24, 48 

and 72 h exposure times.

Statistical Analyses

A one-way ANOVA of the pooled cell viability measurements for the untreated 

control oral mucosal model and following direct exposure to the polished d.Sign® 10, 

d.Sign®15 and d.Sign®30 disc-shaped specimens highlighted a significant decrease 

(?<0.0001) in cell viability measurements with the dependant variable (Alloy) (Table 

8.1.2). The Tukey’s post-hoc test showed significant decreases in the cell viability 

measurements following direct exposure of the oral mucosal model to the polished 

d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001) disc-shaped 

specimens compared with the untreated control oral mucosal model. The polished 

d.Sign® 15 disc-shaped specimens elicited a significant decrease in the cell viability 

measurements compared with the polished d.Sign® 10 (P<0.0001) and d.Sign®30 

(P<0.0001) specimens. However, the polished d.Sign®10 disc-shaped specimens 

elicited significantly decreased (P<0.0001) cell viability measurements compared 

with the polished d.Sign®30 specimens (Table 8.1.3).
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Between-SiitHects Faclois

Value Label N
Alloy 1.00 Control 12

2 0 0 dSigm O 12
3.00 dSign16 12
4 00 dSign30 12

Tests of Betw^n-Siih|«cts Effects

D ependen t Varlabie: CeiM ability

Source
Type ill Sum  
of S q u a res df M ean S quare F Sig

C orrected Model 33734.315^ 3 11244.772 140.947 000

Intercept 132022,945 1 132022.945 1654.839 .000

Alloy 33734.315 3 11244.772 140.947 ,000

Error 3510.316 44 79 780

Total 169267.677 48

C orrected Total 37244.632 47

a R S q u ared  = .906 (Adjusted R S q u ared  = .899)

Table 8.1.2 One-way ANOVA o f the pooled cell viability measurements 

determined using the alamar blue assay for the untreated control oral mucosal model 

(Control) and following direct exposure to the polished d.Sign® 10, d.Sign® 15 and 

d.Sign®30 dental casting alloys (Alloy).

D ependen t Variable CellViability 

TukSYHSD__________ __________

(i) Alloy (J) Alloy

Mean
Difference

(l-J) Std, Error Sig,
95% Confidence Interval

Lower Bound U pper Bound
Control dSlgnlO 51.7783* 3.64646 .000 42 0423 61,5144

dS ignIS 71 6425* 3.64646 .000 61.9064 81.3786

dSign30 3 1 ,1 3 2 5 ' 3,64646 ,000 21.3964 40 8686

dSignlO Control -51.7783* 3 64646 .000 -61 5144 -42.0423

dSlgn15 19.8642* 3.64646 ,000 10.1281 29.6002
dSign30 -20.6458* 3.64646 ,000 -30.3819 -10.9098

dSignIS Control -7 1 .6 4 2 5 ' 3.64646 .000 -81.3786 ■61,9064

dSignlO -19 8642* 3 64646 .000 -29,6002 -10.1281

dSlgn30 -40,5100* 3.64646 .000 -50.2461 -30.7739
dSign30 Control -31.1325* 3,64646 .000 -40,8686 -21.3964

dSigm O 20,6458* 3.64646 000 10,9098 30.3819

dS ignIS 40,5100* 3 64646 .000 30,7739 50.2461

B ased  on observed  m ean s .
* The m ea n  difference Is significant at the  ,05 level.

Table 8.1.3 Tukey’s post-hoc tests o f the oral mucosal model cell viability 

measurements using the alamar blue assay for the untreated control TR146 cells 

(Control) and following direct exposure to the polished d.Sign®10, d.Sign®15 and 

d.Sign®30 disc-shaped specimens.
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Preliminary Remarks

• Direct exposure o f  the polished Ni-based (d.Sign®10 and d.Sign®15) and Co-

Cr (d.Sign®30) dental casting alloys to the oral mucosal models elicited a significant 

decrease (P<0.0001) in the cell viability measurements compared with the untreated 

control oral mucosal model.

• The polished d. Sign® 15 disc-shaped specimens elicited a significant decrease

(P<0.0001) in the cell viability measurements following direct exposure to the oral 

mucosal model compared with the polished d.Sign® 10 specimens.

• Direct exposure o f  the polished Ni-based (d.Sign®10 and d.Sign®15) disc

shaped specimens elicited significantly decreased (P<0.0001) cell viability 

measurements compared with the polished Co-Cr (d.Sign®30) specimens

Expression o f  Inflammatory Cvtokines

The expression levels o f  the inflammatory cytokines IL -la , IL-8, PGE2 and TNF-a  

were determined using ELISAs following direct exposure o f  the oral mucosal models 

to the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens for 

increasing exposure times o f  2, 24, 48 and 72 h.
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IL -la

The boxplot analysis (Figure 8.1.4) highhghted the low levels (in pg/mL) of IL -la  

inflammatory cytokine expressed by the untreated control oral mucosal model and 

following direct exposure to the polished d.Sign®30 disc-shaped specimens for 2 to 72 

h. Increased levels o f IL -la  inflammatory cytokine were expressed by the oral 

mucosal models following direct exposure to the polished d.Sign®10 and d.Sign®15 

disc-shaped specimens over 72 h, however, the polished d.Sign®15 specimens elicited 

the highest level o f IL -la  inflammatory cytokine expression (Figure 8.1.4).
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Figure 8.1.4 Boxplot analysis of IL -la  inflammatory cytokine expression (in 

pg/mL) from the untreated control oral mucosal model and following direct exposure 

o f the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens at 2, 24, 

48 and 72 h.

The expression levels o f IL -la  inflammatory cytokine from the untreated control oral 

mucosal model and following direct exposure to the polished dental casting alloys 

with increasing exposure time (2-72 h) were investigated using linear regression 

analyses. As shown in Table 8.1.4, significant increases in the expression of IL -la  

inflammatory cytokine were evident for the untreated control oral mucosal model
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(P=0.0011) and following direct exposure o f the oral mucosal model to the polished 

d.Sign® 10 (P=0.0205) and d.Sign®!5 (P=0.0008) disc-shaped specimens with 

increasing exposure time (2-72 h). However, no significant increase (P=0.1604) in the 

expression o f IL - la  inflammatory cytokine was observed following direct exposure o f 

the polished d.Sign®30 disc-shaped specimen as exposure time increased from 2 to 72 

h. Significance values for the linear regression analyses are quoted rather than 

providing the individual regression analyses, however, all statistical analyses are 

available in the Appendices.

Equation of the Line r' P value df

Control y=14.6x + 216.3 0.6710 0.0011 10

d.Sign®10 y=63.6x + 522.2 0.4307 0.0205 10

d.Sign®15 y=33.9x + 763.1 0.6952 0.0008 10

d.Sign®30 y=-6.05x + 340.2 0.1869 0.1604 10

Table 8.1.4 Comparison o f the linear regression analysis data (equation o f the line, 

r“, P values and df) for the IL -la  inflammatory cytokine expression for the untreated 

control oral mucosal model and following direct exposure to the polished d.Sign® 10, 

d.Sign® 15 and d.Sign®30 disc-shaped specimens at 2, 24, 48 and 72 h exposure times.

Statistical A nalyses

Table 8.1.5 highlighted a one-way ANOVA of the pooled IL -la  inflammatory 

cytokine expression data for the untreated control oral mucosal model and following 

direct exposure to the polished dental casting alloys (Alloy) which showed a 

significant increase (P<0.0001) in IL -la  inflammatory cytokine expression was 

evident. The Tukey’s post-hoc tests showed significant increases in the expression o f 

IL -la  inflammatory cytokine for the polished d.Sign®10 (P<0.0001), d.Sign®15 

(P<0.0001) and d.Sign®30 (P=0.0190) disc-shaped specimens compared with the 

untreated control oral mucosal model. The polished d.Sign® 15 disc-shaped specimens 

induced a significantly increased level o f IL -la  inflammatory cytokine expression 

following direct exposure compared with the polished d.Sign® 10 (P<0.0001) and 

d.Sign®30 (P<0.0001) specimens. The polished d.Sign®10 disc-shaped specimens
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induced significantly increased (P<0.0001) expression levels o f IL -la inflammatory 

cytokine compared with the polished d.Sign®30 specimens (Table 8.1.6).

Betw«eii-Sitf>|ects F<ic1ois

Value Label N
Alloy 1,00 Control 13

2.00 dSignlO 12
3.00 dSign15 12
4 00 dSign30 12

Tests of Betweeii-Sul)|ects Effects

D ep en d en t Variable IL1a

Source
Type III Sum  
of S q u a res df M ean S quare F Sig,

C orrected Model 2871100.314* 3 9 57033,438 284,953 000

Intercept 13173151 2 1 13173151 20 3922 253 000

Alloy 2871100,314 3 9 57033  438 284 953 000

Error 147776.375 44 3358,568
Total 1 6192028 5 48
C orrected Total 3018877 289 47

a R S q u ared  = 951 (Adjusted R S q u ared  = .948)

Table 8.1.5 One-way ANOVA o f the pooled IL-la inflammatory cytokine 

expression data for the untreated control oral mucosal model (Control) and following 

direct exposure to the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped 

specimens (Alloy) at 2, 24, 48 and 72 h.

Mttiti|)le Coinp<)rison$

D ep en d en t Variable: IL1a 
TukeyHSD __________

(1) Alloy (J) Alloy

Mean
Difference

(l-J) Std. Error Sig

95%  Confidence Interval
Lov^fer Bound U pper Bound

Control dSignlO -417 3050’ 23,65927 000 -480,4754 -364,1346
dSignI 5 -694 9483*- 23.65927 000 -658.1187 -531,7779
dSlgn30 -72.3300* 23.65927 ,019 -135,5004 -9.1598

dSignlO Control 417.3050* 23.65927 000 354 1346 480 4754
d S ig n iS -177,6433" 23.65927 ,000 -240.8137 -114,4729

dSlgn30 344.9750* 23.65927 .000 281.8046 400.1454
dS lg n iS Control 594,9483’ 23.65927 ,000 531.7779 666,1187

dS ignlO 177,6433" 23.65927 000 114 4729 240,8137
dSlgn30 522.8183* 23.65927 .000 459,4479 585.7887

dSign30 Control 72.3300’ 23.85927 ,019 9.1596 135,5004
dS lgnlO ■344,9760’ 23.65927 ,000 -408,1454 -281,8046
d S tgnIS -522.6103* 23.65927 .000 -585.7887 -459,4479

B a se d  on o bserved  m e a n s

■* The m ean  difference Is significant at the .05 level.

Table 8.1.6 Tukey’s post-hoc tests o f the pooled IL -la cytokine expression data 

for the untreated control oral mucosal model (Control) and the polished d. Sign® 10, 

d.Sign®15 and d.Sign®30 disc-shaped specimens (Alloy).
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IL-8

A boxplot analysis (Figure 8.1.5) highlighted the low levels o f IL-8 inflammatory 

cytokine expressed (in pg/mL) by the untreated control oral mucosal model following 

incubation under normal conditions for 2, 24, 48 and 72 h. Higher levels of IL-8 

inflammatory cytokine were expressed by the oral mucosal models following direct 

exposure to the polished d. Sign® 10, d. Sign® 15 and d.Sign®30 disc-shaped specimens. 

The polished d.Sign®15 specimen elicited the highest level of IL-8 inflammatory 

cytokine expression (Figure 8.1.5).
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Figure 8.1.5 Boxplot analysis o f IL-8 inflammatory cytokine expression (in pg/mL) 

from the untreated control oral mucosal model and following direct exposure of the 

polished d.Sign® 10, d.Sign® 15 and d.Sign®30 disc-shaped specimens at 2, 24, 48 and 

72 h.

A linear regression analysis highlighted a significant increase (P=0.0402) in IL-8 

inflammatory cytokine expression was evident for the untreated control oral mucosal 

model as incubation time increased (2-72 h) (Table 8.1.7). The effect of increasing 

alloy exposure time on the expression levels of IL-8 inflammatory cytokine by the 

oral mucosal models from 2 to 72 h were analysed using linear regression.
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Significantly increased IL-8 inflammatory cytokine expression levels were evident 

following direct exposure with increasing alloy exposure time (2-72 h) (Table 8.1.7).

Equation of the Line - P value df

Control y=14.4x+ 80.7 0.3571 0.0402 10

d.Sign®! 0 y=523.8x + 691.7 0.6928 0.0008 10

d.Sign®15 y=45.8x+ 800.9 0.6760 0.0010 10

d.Sign®30 y=71.2x + 326.7 0.9236 <0.0001 10

Table 8.1.7 Comparison o f the linear regression analysis data (equation o f the line, 

r ,̂ P values and df) for the IL-8 inflammatory cytokine expression for the untreated 

control oral mucosal model and following direct exposure to the polished d.Sign 10, 

d.Sign®15 and d.Sign®30 disc-shaped specimens at 2, 24, 48 and 72 h exposure times.

Statistical Analyses

The one-way ANOVA performed on the pooled IL-8 inflammatory cytokine 

expression data for the untreated control oral mucosal model and following direct 

exposure to the polished dental casting alloys (Alloy) showed a significant increase 

(P<0.0001) (Table 8.1.8). Significant increases in IL-8 inflammatory cytokine 

expression were evident following direct exposure to the d.Sign®10 (?<0.0001), 

d.Sign®I5 (?<0.0001) and d.Sign®30 (P<0.0001) alloys compared with the untreated 

control oral mucosal models as shown in the Tukey’s post-hoc tests (Table 8.1.9). The 

polished d.Sign® 15 disc-shaped specimens elicited significantly increased expression 

levels o f IL-8 inflammatory cytokine compared with the polished d.Sign® 10 

(P=0.0120) and d.Sign®30 (P<0.0001) specimens. Direct exposure of the polished 

d.Sign® 10 disc-shaped specimens induced a significant increase (P<0.0001) in the 

levels o f IL-8 inflammatory cytokine expression compared with the polished 

d.Sign®30 specimens (Table 8.1.9).
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Between-Siil»tects F.ictnis

Value Labe) N
Alloy 100 Control 12

200 dSignlO 12
3.00 dSign15 12
4 00 dSlgn30 12

Tests of Betweeii-S<il»|ect$ Effects

DependentVarlable IL8

Source
Type III Sum 
of Squares df Mean Square F SiQ.

Corrected Model 4715425.192* 3 1571808.397 345.158 ,000
Intercept 16753457 4 1 16753457.40 3678 941 ,000
Alloy 4715425.192 3 1571808 397 345,158 .000
Error 200370,751 44 4553 881
Total 21669253 3 48
Corrected Total 4915795.943 47

a R Squared = .959 (Adjusted R Squared = .956}

Table 8.1.8 One-way ANOVA of the 

expression data for the untreated control oral 

direct exposure to the polished d. Sign® 10, 

specimens (Alloy) at 2, 24, 48 and 72 h.

MiilTMe Coiiip«visoiis

Dependent Variable IL8 
Tukgf HSD___________

(1) Aitoy (J) Alloy

Mean
DitTerence

(l-J) Std En^or Sig
95% Confidence Interval

Lower Bound Upper Bound
Control dSignlO -709,5425* 27,54959 000 -783,1001 -635 9849

dSign15 -798 6483* 27 54959 000 -872 2059 -725,0908
dSign30 -387.9808’ 27 54959 000 -461 5384 -314.4233

dSignlO Control 709 5425* 27 54959 ,000 635 9849 783,1001
dSign15 -89 1058* 27 54959 ,012 -162 6634 -15,5483
dSign30 321 5617* 27.54959 000 248 0041 395.1192

dSign15 Control 798 6483* 27 54959 000 725,0908 872 2059
dSignlO 89,1058* 27 54959 012 15 5483 162 6634
dSign30 410 6675* 27,64959 .000 337 1099 484 2251

dSign30 Control 387 9808* 27,54959 ,000 314,4233 461,5384
dSignlO -321,5617* 27 54959 ,000 -395 1192 -248 0041
dSign15 -410.6675* 27.54959 000 -484 2251 -337.1099

Based on obsen^d means

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

Table 8.1.9 Tukey’s post-hoc test of the pooled IL-8 cytokine expression data for 

the untreated control oral mucosal model (Control) and the polished d. Sign® 10, 

d. Sign® 15 and d.Sign®30 disc-shaped specimens (Alloy).

pooled IL-8 mflammatory cytokine 

mucosal model (Control) and following 

d. Sign® 15 and d.Sign®30 disc-shaped
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PGE2
The PGE2 inflammatory cytokine was expressed in low levels (in pg/'mL) by the 

untreated control oral mucosal model following incubation under normal conditions 

and following direct exposure to the polished d.Sign®30 disc-shaped specimens for 2 

to 72 h as shown in the boxplot analysis (Figure 8.1.6). The PGE2 inflammatory 

cytokme was expressed in increased levels following direct exposure to the polished 

d. Sign® 10 and d. Sign® 15 disc-shaped specimens over 72 h with the polished 

d.Sign®15 alloy eliciting the highest level o f PGE2 inflammatory cytokine expression.

0 0 0 -

Alloy

Figure 8.1.6 Boxplot analysis of PGE2 inflammatory cytokine expression (in 

pg/mL) from the untreated control oral mucosal model and following direct exposure 

o f the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped specimens at 2, 24, 

48 and 72 h.
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Linear regression analyses were used to determine the effects o f increasing exposure 

time (2-72 h) on PGE2 inflammatory cytokine expression levels from the untreated 

control oral mucosal model and following direct exposure to the polished dental 

casting alloys. The untreated control oral mucosal model (P=0.00010), the polished 

d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001) disc-shaped 

specimens induced significantly increased levels o f PGE2 inflammatory cytokine 

following direct exposure from 2 to 72 h (Table 8.1.10).

Equation o f the Line r' P value df

Control y=13.3x + 52.5 0.6766 0.0010 10

d.Sign'^10 y=33.3x + 254.9 0.9548 <0.0001 10

d.Sign®15 y=48.1 +264.9 0.8965 <0.0001 10

d.Sign®30 y=28.9x + 61.4 0.8824 <0.0001 10

Table 8.1.10 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and df) for the PGE2 inflammatory cytokine expression for the untreated 

control oral mucosal model and following direct exposure to the polished d.Sign® 10, 

d.Sign® 15 and d.Sign®30 disc-shaped specimens at 2, 24, 48 and 72 h exposure times.

Statistical A nalyses

The one-way ANOVA o f the pooled PGE2 inflammatory cytokine expression data for 

the untreated control oral mucosal model and following direct exposure to the dental 

casting alloys (Alloy) highlighted a significant increase (P<0.0001) was evident 

(Table 8.1.11). The Tukey’s post-hoc tests highlighted significant increases in the 

expression levels o f PGE2 inflammatory cytokine were evident following direct 

exposure to the polished d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 

(P=0.0300) disc-shaped specimens compared with the untreated control. The polished 

d.Sign®15 disc-shaped specimens induced significantly increased expression levels o f 

PGE 2 inflammatory cytokine compared with the d.Sign® 10 (P=0.0380) and d.Sign®30 

(P<0.0001) specimens (Table 8.1.12).
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Between-Siibjecis Fiictors

Value Label N
Alloy 1 0 0 Control 12

2,00 d S ig m o 12
3.00 d S ig n l5 12
4 00 dSign30 12

T ests of Betweeii Siibjects Effects

D ependen t Variabie: PGE2

Source
Type III Sum  
of S q u a res df M ean S quare F Sig,

Corrected Model 790372.446* 3 263467.482 156,175 .000

Intercept 2684711,404 1 2664711.404 1579,612 .000

Alloy 790372,446 3 263457 432 156,175 000
Error 74225,375 44 1686 940

Total 3529309.226 48
Corrected Total 864597.821 47

a. R S q u ared  = .914 (Adjusted R S q u ared  = 908)

Table 8.1.11 One-way ANOVA o f the pooled PGE2 inflammatory cytokine 

expression data for the untreated control oral mucosal model (Control) and following 

direct exposure to the polished d.Sign®10, d.Sign®15 and d.Sign®30 disc-shaped 

specimens (Alloy) at 2, 24, 48 and 72 h.

r^n ftlp le  C o ii tp iV iso iis

D ep en d en t Variable: P 0 E 2

Tukey HSD

(1) Alloy (J) Alloy

Mean
Difference

(t-J) Std. Error Sig.
95%  Confide»nce Interval

Lower Bound U pper Bound
Control dS lgnlO -252-9892* 16,76773 .000 -297,7591 -208.2192

dS lg n iS -299.7708* 16,76773 ,000 -344 5408 -255,0009
dSign30 -48 3600* 16 76773 030 -93 1499 -3 6101

dSignlO  Control 252.9892* 16 76773 000 208,2192 297,7591

d S lg n l5 -46  7817* 16.76773 ,038 -91 5516 -2,0117
dSjgn30 204 6092* 16 76773 .000 159 8392 249,3791

d S ig n tS  Control 299,7708* 15 76773 ,000 255 0009 344 5408
dSlgnlO 46,7817* 16,76773 ,038 2,0117 91.5516

dSign30 251 3908* 18.76773 ,000 206 6209 296.1608
dSign30 Control 48 3800* 15 76773 030 36101 9 3 1 4 9 9

dSignlO -204,6092* 16,76773 .000 -249,3791 -159.8392
dS ig n lS -251,3908* 16,76773 ,000 -296,1600 -206.6209

B ased  on  observ ed  m ean s .

*■. T he nr^ean difference is significant a t ttie .05 level

Table 8.1.12 Tukey’s post-hoc test o f the pooled PGE2 cytokine expression data for 

the untreated control oral mucosal model (Control) and the polished d.Sign® 10, 

d.Sign®15 and d.Sign®30 disc-shaped specimens (Alloy).
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TNF-a

The boxplot analysis (Figure 8.1.7) highlighted the low expression levels (in pg/mL) 

o f TNF-a inflammatory cytokine elicited from the untreated control oral mucosal 

model and follow ing direct exposure to the polished d.Sign®30 disc-shaped specimens 

at 2-72 h. Increased levels o f TNF-a inflammatory cytokine were expressed follow ing 

direct exposure to the polished d.Sign® 10 and d.Sign®l5 disc-shaped specimens over 

72 h (Figure 8.1.7). The polished d.Sign®15 disc-shaped specimens induced a higher 

level o f TNF-a inflammatory cytokine expression fo llow ing direct exposure 

compared with the polished d.Sign® 10 specimens (Figure 8.1.7).
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Figure 8.1.7 Boxplot analysis o f TNF-a inflammatory cytokine expression (in 

pg/mL) from the untreated control oral mucosal model and fo llow ing direct exposure 

o f the polished d.Sign® 10, d.Sign®l5 and d.Sign®30 disc-shaped specimens at 2, 24, 

48 and 72 h.

The expression levels o f TNF-a inflammatory cytokine for the untreated control oral 

mucosal model and fo llow ing direct exposure to the polished dental casting alloys 

were analysed using linear regression to determine the effects o f increasing exposure 

time (2. 24. 48 and 72 h). Significantly increased levels o f TNF-a inflammatory
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cytokine were expressed for tiie untreated control oral mucosal model (P=0.0005) and 

following direct exposure o f  the oral mucosal model to the polished d.Sign 10 

(P=0.0008) and d.Sign® 15 (P=O.OOIO) disc-shaped specimens. However, no 

significant increase was evident for the polished d.Sign®30 (P=0.0535) specimens 

following direct exposure to the oral mucosal model with increasing exposure time (2- 

72 h) (Table 8.1.13).

Equation o f  the Line P value d f

Control y=13.4x + 73.l 0.7224 0.0005 10

d.Sign** 10 y=45.7x + 496.1 0.8847 0.0008 10

d.Sign “15 y=62.8x + 575.3 0.9345 0.0010 10

d .S ig n '30 y = l 2 . i x +  136.3 0.3237 0.0535 10

Table 8.1.13 Comparison o f  the linear regression analysis data (equation o f  the line, 

r ' ,  P values and df) for the TTvlF-a inflammatory cytokine expression for the untreated 

control oral mucosal model and following direct exposure to the polished d.Sign 10. 

d.Sign 15 and d.Sign 30 disc-shaped specimens at 2, 24, 48 and 72 h exposure times.

S tatistical Analyses

A one-way A N O V A  performed on the pooled TTMF-a inflammatory cytokine 

expression data for the untreated control oral mucosal model and following direct 

exposure to the polished dental casting alloys (Alloy) identified a significant increase 

(P <0 .000 l)  in cytokine expression was evident (Table 8.1.14). The T ukey’s post-hoc 

tests highlighted significant increases in the expression o f  T N F-a  inflammatory
(R)

cytokine were evident following direct exposure to the polished d.Sign 10 

(P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (P=0.0090) disc-shaped specimens 

compared with the untreated control oral mucosal model (Table 8.1.15). The polished 

d.Sign®] 5 disc-shaped specimens induced significantly increased expression levels o f  

T N F -a  inflammatory cytokine compared with the polished d.Sign®IO (P <0 .000 l)  and 

d.Sign®30 (P<O.OOOI) specimens (Table 8.1.15).
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Between-Siibjecls Factors

Value Label N
Alloy 1.00 Control 12

2.00 dSignI 0 12
3,00 dS igm  6 12
4.00 dSign30 12

T ests of Betweei)-Siil>j»cts Effects

D ep en d en t Variable: TNFa

S ource
Type III Sum  
of S q u a re s df Mean S quare F Sig

Corrected Model 3238359  5 3 9 ' 3 1 0 7 9 4 5 3 1 8 0 552.087 000
Intercept 7168856 .188 1 7168856.188 3666.516 .000
Alloy 3238359 .539 3 1079453,180 552 087 .000
Error 8 6 0 2 9 8 1 8 44 1355 223
Total 10493245,5 48
C orrected  Total 3324389 .357 47

a. R S q u ared  = ,974 (Adjusted R S quared  = 972)

Table 8.1.14 One-way AN O V A o f  the pooled TNF-a inflammatory cytokine 

expression data for the untreated control oral mucosal model (Control) and follow ing  

direct exposure to the polished d.Sign® 10, d.Sign®15 and d.Sign®30 disc-shaped 

specim ens (A lloy) at 24 h.

Miiltipie Coinp.ni$oit$

D ep en d en t V ariable TNFa 
TukeyH SD _______________

(1) Alloy (J) Alloy

M ean
Difference

(l-J) Std Error Sig,
95% C onfidence Interval

Lower Bound U pper Bound
Control dS lgnI 0 •433 6475’ 18 05188 ,000 -481 8461 -385 4489

d S ig n iS -625 5725" 1 8 0 5 1 8 8 ,000 -673 771 1 -577.3739
dSign30 -59 9192* 18.05188 ,009 -109.1178 -11.7205

dSlgnlO Control 433.6475* 18,05188 ,000 385.4489 481 8461
d S ig n l5 -191 9 2 5 0 ' 18.05188 000 -240.1236 -143,7264
dSign30 373,7283* 18 05188 .000 325 5297 421.9270

dSign15 Control 625.5725* 18,05188 ,000 577.3739 673.7711
dS ignI 0 1 9 1 .9 2 5 0 ' 18.05188 000 143.7264 240 1236
dSign30 566.6533* 18 05188 .000 517 4547 613.8520

dSignSO Control 59.9192* 18,05188 .009 11.7205 108.1178
dSignlO •373.7283* 18 05188 .000 -421 9270 -325.5297

dS lgnI 5 -565 6533* 18,05188 ,000 -613,8520 -517.4547

B a se d  on  o b se rv ed  m e a n s .

* The m ea n  difference Is significant a t the .05 level

Table 8.1.15 Tukey’s post-hoc test o f  the pooled TNF-a cytokine expression data 

for the untreated control oral mucosal model (Control) and the polished d.Sign® 10, 

d.Sign® 15 and d.Sign®30 disc-shaped specimens (Alloy).
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Preliminary Remarks

• Direct exposure o f  the polished Ni-based alloy specimens to the oral mucosal 

models induced significantly increased expression o f  IL - la  (P<0.0001), IL-8 

(P<0.0001), PGE2 (P<0.0001) and T N F-a (P<0.0001) inflammatory cytokines 

compared with the untreated control oral mucosal model.

• The polished d.Sign®30 disc-shaped specimens induced significantly 

increased levels o f  the inflammatory cytokines investigated (IL -la  (P=0.0190), IL-8 

(P<0.0001), PGE2 (P=0.0300) and T N F-a (P=0.0090)) compared with the untreated 

control oral mucosal model.

• Direct exposure o f  the polished d.Sign® 15 disc-shaped specimens elicited 

significantly increased levels o f  IL - la  (P<0.0001), IL-8 (P=0.0120), PGE2 

(P=0.0380) and T N F-a (P<0.0001) inflammatory cytokines compared v/ith the 

polished d.Sign® 10 specimens.

• Direct exposure o f  the polished Ni-based disc-shaped specimens induced the 

significantly increased expression o f  IL -la  (P<0.0001), IL-8 (P<0.0001), PGE2 

(P<0.0001) and TN F-a (P<0.0001) inflammatory cytokine expression compared with 

the polished d.Sign®30 specimens.
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Cellular Toxicity

The release o f the LDH enzyme from the oral mucosal models following exposure to 

Triton-X for 2, 24, 48 and 72 h were measured and determined to be the maximum 

levels o f cellular toxicity. Cellular toxicity was subsequently assessed following direct 

exposure o f the oral mucosal models to the polished d.Sign® 10, d.Sign® 15 and 

d.Sign®30 disc-shaped specimens at 2 to 72 h (Figure 8.1.8).

100-1

60 -

20 -

722 24 48

Time (h)

Figure 8.1.8 The cellular toxicity results determined by measuring the levels o f 

LDH release for the Triton-X treated control oral mucosal model and following direct 

exposure to the polished d.Sign®10, d.Sign®15 and d.Sign®30 dental casting alloys 

with increasing exposure times o f 2, 24, 48 and 72 h.

349



The linear regression analysis for the Triton-X treated control oral mucosal model did 

not show a significant linear (P=0.4218) effect on cellular toxicity with increasing 

exposure time from 2 h to 72 h (Figure 8.1.9).
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Figure 8.1.9 Linear regression analysis: The cellular toxicity results determined for 

the Triton-X treated control oral mucosal model as exposure time increased from 2-72 

h.

Fitted lines:

Linear: y=-0.3x + 98.7 r^=0.6555 P=0.4218 df=10
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Linear regression analyses were performed to determine the effects o f increasing 

exposure time (2-72 h) on the levels o f cellular toxicity following direct exposure o f 

the oral mucosal model to the polished dental casting alloys. Significant increases in 

the levels o f LDH release were detected following direct exposure o f the oral mucosal 

model to the polished d.Sign®10 (P^O.OOOl), d.Sign®15 (P=0.0002) and d.Sign®30 

(P=0.0002) disc-shaped specimens as exposure time increased (2, 24, 48 and 72 h) 

(Table 8.1.16). Significance values for the linear regression analyses are quoted rather 

than providing the individual regression analyses, however, all statistical analyses are 

available in the Appendices.

Equation o f the Line P value df

Control y=-0.3x + 98.7 0.6555 0.4218 10

d.Sign®10 y = 1 8 .4 x - 19.5 0.7932 0.0001 10

d.Sign®15 y=24.9x -  24.8 0.7680 0.0002 10

d.Sign®30 y = 3 .4 x -  1.5 0.7651 0.0002 10

Table 8.1.16 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and df) for the cellular toxicity results for the Triton-X treated control oral 

mucosal model and following direct exposure to the polished d.Sign®10, d.Sign® 15 

and d.Sign®30 disc-shaped specimens at 2, 24, 48 and 72 h exposure times.

Statistical Analyses

A one-way ANOVA (Alloy) performed on the pooled cellular toxicity results for the 

Triton-X treated control oral mucosal model and following direct exposure to the 

polished d.Sign® 10, d.Sign® 15 and d.Sign®30 disc-shaped specimens (Alloy) 

highlighted a significant increase (P<0.0001) in the levels o f LDH was evident (Table 

8.1.17). The Tukey’s post-hoc tests showed the polished d.Sign®10 (P<0.0001), 

d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001) disc-shaped specimens elicited 

significantly increased levels o f cellular toxicity relative to the Triton-X treated 

control oral mucosal model. The polished d.Sign® 15 disc-shaped specimens did not 

elicit significantly increased (P=0.5580) levels o f cellular toxicity following direct 

exposure compared with the polished d.Sign® 10 specimens. However, a significant 

increase (P=0.0040) in LDH release levels were observed following direct exposure
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o f  the polished d.Sign® 15 disc-shaped specimens compared with the polished  

d.Sign®30 specimens. The levels o f  cellular toxicity were not significantly increased 

(P=0.1130) following direct exposure o f  the polished d.Sign®10 disc-shaped 

specimens compared with the polished d.Sign®30 specimens (Table 8.1.18).

Betweeii-$id>|ects Factors

Value Labei N
S am ple  1,00 Control 12

2 00 dSignlO 12
3.00 dSlgn16 12
4.00 dSlgn30 12

T ests of Betweeii-Siibfects Effects

D ependen t Variable LDH

Source
Type lil Sum  
of S q u a res df M ean S quare F 8ig.

Corrected Model 5 5 3 5 6 ,3 0 1 ' 3 16452.100 43.077 .000
intercept 85939,057 1 8 5 9 3 9 0 5 7 200 627 000
S am ple 55356.301 3 18452.100 43.077 ,000
Error 18847 472 44 428.352
Total 160142.830 48
Corrected Total 74203,773 47

a. R S q u ared  = .746 (Adjusted R S q u ared  = .729)

Table 8.1.17 One-way AN O V A o f  the pooled cellular toxicity results for the Triton- 

X treated control oral mucosal model (Control) and following direct exposure o f  the 

polished d.Sign®10, d.Sign® 15 and d.Sign®30 disc-shaped specim ens (Alloy).

Mtrtliple CoiiHhii Isons

D ependen t Variable LDH 
Tukey HSD______________

(1) Sam ple (J) S am ple

Mean
Difference

(l-J) Std. Error Sig.
95%  Confidence Interval

Lower Bound U pper Bound
Control dSignlO 71,4657* 8.44937 000 48 9058 94.0255

dS ig n lS 60,3415* 8.44937 000 37,7816 82.9014
dSign30 90,9199* 8.44937 000 68,3600 113.4797

dSlgnlO Control -71.4657* 8,44937 ,000 -94,0255 -48.9058
dSignI S -11,1242 8.44937 558 -3 3 6 8 4 0 11.4357
dSignSO 19 4542 8 44937 113 -3,1057 42,0140

dSignt 5 Control -60.3415* 8.44937 .000 -82.9014 -37.7816
dSlgnlO 11.1242 8,44937 558 -11,4357 33.6840
dSign30 30.5783* 8.44937 004 8,0185 53.1382

dSign30 Control -90,9198* 8.44937 000 •113.4797 -68.3600
d S ig m o -19,4542 8.44937 .113 -42.0140 3.1057
d S ig n iS -30.5783* 8.44937 ,004 -53 1382 -8 0 1 8 5

B ased  on observed  n^eans.

* The m ean  ditTerence Is significant at the  .05 level

Table 8.1.18 Tukey’s post-hoc test o f  the pooled cellular toxicity data for the Triton- 

X treated control oral mucosal model (Control) and the polished d.Sign®10, 

d.Sign® 15 and d.Sign®30 disc-shaped specimens (Alloy).
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Prelim inary Remarks

• Direct exposure o f the poHshed d.Sign®10, d.Sign® 15 and d.Sign®30 disc

shaped specimens elicited significant increases (P<0.0001) in the cellular toxicity 

levels released from the oral mucosal models relative to the Triton-X treated control 

oral mucosal model.

• The polished d.Sign® 15 disc-shaped specimens did not elicit significantly 

increased (P=0.5580) levels o f the LDH enzyme from the oral mucosal models 

following direct exposure compared with the polished d.Sign® 10 specimens, but did 

elicit significant increases (P=0.0040) when compared with the d.Sign®30 specimens.

• The polished d.Sign®10 disc-shaped specimens did not elicit a significant 

increase (P=0.01130) in the cellular toxicity levels compared with d.Sign®30 

specimens following direct exposure to the oral mucosal models.

Oxidative Stress

The levels o f reduced GSH, indicative o f oxidative stress, present in the oral mucosal 

models following incubation under normal conditions and following direct exposure 

to the polished d.Sign®10, d.Sign® 15 and d.Sign®30 disc-shaped specimens for 2, 24, 

48 and 72 h are shown in Figure 8.1.10.

Control 

- i fc -d  S ig n ® 1 0  
- ^ d . S i g n ® 1 5  
— d, S i g n ®3 0

Figure 8.1.10 The oxidative stress responses determined by measuring the levels o f 

reduced GSH levels (|iM  GSH/mL) for the untreated control oral mucosal model and 

following direct exposure to the polished d.Sign® 10, d.Sign® 15 and d.Sign®30 disc

shaped specimens with increasing exposure times o f 2, 24, 48 and 72 h.
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The oxidative stress responses o f the untreated control oral mucosal model was 

determined at increasing incubation times o f 2, 24, 48 and 72 h using linear regression 

analysis. The linear regression analysis showed an increase in the levels o f reduced 

GSH was evident, however, the increase was not significant (P=0.2597) for the 

untreated control oral mucosal model with increasing exposure time (2-72 h) (Figure 

8 . 1 . 11 ).
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*  4 50
co
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48 72242
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Figure 8.1.11 Linear regression analysis: The oxidative stress responses determined 

for the untreated control oral mucosal model as incubation time increased from 2-72 

h.

Fitted lines:

Linear: y=0.2x + 5.9 r^=0.1249 P=0.2597 df=10
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Linear regression analyses were used to determine the effects o f increasing exposure 

time on the oxidative stress responses o f the oral mucosal models following direct 

exposure to the polished dental casting alloys. Significant decreases in the levels o f 

reduced GSH were evident following direct exposure to the polished d.Sign® 10 

(P=0.0001) and d.Sign®15 (P<0.0001) disc-shaped specimens with increasing 

exposure time from 2 to 72 h. No significant decrease (P=0.3483) in the oxidative 

stress responses was observed following direct exposure to the polished d.Sign®30 

disc-shaped specimens as exposure time increased (2-72 h) (Table 8.1.19). 

Significance values for the linear regression analyses are quoted rather than providing 

the individual regression analyses, however, all statistical analyses are available in the 

Appendices.

Equation o f the Line r' P value df

Control y=0.2x + 5.9 0.1249 0.2597 10

d.Sign®10 y=-1.3x + 7.4 0.7789 0.0001 10

d.Sign® 15 y=-1.5x + 6.2 0.8484 <0.0001 10

d.Sign®30 y=-0.3x + 6.5 0.0882 0.3483 10

Table 8.1.19 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and df) for the oxidative stress responses for the untreated control oral 

mucosal model and following direct exposure to the polished d.Sign® 10, d.Sign®15 

and d.Sign®30 disc-shaped specimens at 2, 24, 48 and 72 h exposure times.

Statistical Analyses

A one way ANOVA on the pooled oxidative stress response data for the untreated 

control oral mucosal model and following direct exposure to the polished dental 

casting alloys (Alloy) highlighted a significant decrease (P<0.0001) in the levels o f 

reduced GSH (Table 8.1.20). The Tukey’s post-hoc tests showed the polished 

d.Sign® 10 (P=0.0030) and d.Sign® 15 (P<0.0001) disc-shaped specimens elicited 

significant decreases in the oxidative stress responses compared with the untreated 

control oral mucosal model. No significant decrease (P=0.7280) in the oxidative stress 

responses were observed following direct exposure o f the polished d.Sign®30 disc

shaped specimens compared with the untreated control. Following direct exposure.
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the poHshed d.Sign® 15 disc-shaped specimens elicited significantly decreased levels 

o f reduced GSH compared with the polished d.Sign® 10 (P=0.0230) and d.Sign®30 

(P<0.0001) specimens. (Table 8.1.21).

B etw eehS itb jects Factois

Value Label N
Alloy 1.00 Control 12

2.00 dSlgnlO 12
3.00 dSign15 12

4.00 dSign30 12

Tests of 8e tw e« n -$ i^ |ec ts  Effects

D ependen t Variabie: Q xStress

Source
Type Ml Sum  
of S q u a res df M ean S quare F Sig

Corrected Model 117,334- 3 39111 18,072 000

Intercept 1049.579 1 1049.573 484 973 ,000

Alloy 117.334 3 39,111 18,072 000

Efror 95.225 44 2 1 6 4

Total 1262.138 49
Corrected Total 212,559 47

a R S q u ared  = .552 (Adjusted R S q u ared  = .521)

Table 8.1.20 One-way ANOVA o f the pooled oxidative stress responses for the 

untreated control oral mucosal model (Control) and following direct exposure o f the 

polished d.Sign® 10, d.Sign® 15 and d.Sign®30 disc-shaped specimens (Alloy).

Mtittiple Conipm lsoiis

D ep en d en t Variable: OxStress
Tukey HSD

(1) Alloy (J) Alloy

Mean
Difference

(l-J) Std Error Sig,
95%  Confidence Interval

Lower Bound U pper Bound
Control dS tgnlO 2,2423* ,60058 003 ,6388 3,8459

dSign15 4.0316* .60058 .000 2,4281 5,6352
dSign30 .6232 .60058 ,728 -9 8 0 4 2 2267

dSlgm O Control -2.2423* 60058 003 -3 8459 ■ 6388
dSign15 1,7893* .60058 .023 ,1857 3,3829
dSlgn3D -1.6192* ,60058 .047 -3.2227 -.0156

dSign15 Control -4.0316* .60058 ,000 -5.6352 -2,4281
dS lgnlO -1.7893* .60058 ,023 -3,3929 -.1857
dSignSO -3.4085* .60058 .000 -5.0120 -1,8049

dSign30 Control -.6232 ,60058 ,728 -2.2267 S804
dS ignlO 1.6192* ,60058 ,047 .0156 3,2227
dS ig n IS 3.4085* .60058 .000 1,8049 5,0120

B a se d  on  o b se rv ed  m ea n s .

* The m e a n  difference is significant a t the .05 level

Table 8.1.21 Tukey’s post-hoc test o f the pooled oxidative stress responses for the 

untreated control oral mucosal model (Control) and the polished d. Sign® 10, 

d.Sign®15 and d.Sign®30 disc-shaped specimens (Alloy).
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Preliminary Remarks

•  D irect exposure o f  the oral m ucosal m odels to the polished  d.Sign® 10 and 

d.Sign® 15 disc-shaped specim ens elicited  significant decreases (P < 0 .0030) in the 

levels o f  reduced G SH , indicative o f  oxidative stress, com pared w ith  the untreated 

control oral m ucosal m odels.

• The polished d.Sign®30 disc-shaped specim ens did not induce significant 

decreases (P = 0 .7280) in the levels o f  reduced G SH  fo llow in g  direct exposure 

com pared w ith the untreated control.

• The polished d.Sign® 15 disc-shaped specim ens elicited  significantly decreased  

levels  o f  reduced G SH  fo llow in g  direct exposure com pared w ith the polished  

d.Sign®10 (P = 0 .0230) and d.Sign®30 (? < 0 .0 0 0 1 ) d isc-shaped specim ens.

8.1.5 Summary

A  hum an-derived and fu ll-thickness 3D  oral m ucosal m odel w as em ployed in the 

current study to determ ine the com parative b iocom patibility o f  polished  N i-based  and 

Co-Cr dental casting alloys. The com parative b iocom patibility analyses investigated  

fo llow in g  direct exposure o f  the polished disc-shaped specim ens to the oral m ucosal 

m odels included h istological analysis, cell v iability  m easurem ents, the expression o f  

inflam m atory cytokines, cellular toxicity  and oxidative stress responses.

• D irect exposure o f  the polished  N i-based  disc-shaped specim ens elicited  

significant m orphological dam age m anifest as vacuolisation, decreases in cell 

viability m easurem ents, increases in the expression  o f  inflam m atory cytokines (IL -la ,  

lL -8, PG E 2 and T N F -a), increases in cellular toxicity  and decreases in the oxidative  

stress responses o f  the oral m ucosal m odels com pared with the untreated control oral 

m ucosal m odel.

• D irect exposure o f  the polished Co-Cr d isc-shaped specim ens to the oral 

m ucosal m odels did not induce adverse m orphological alterations, decreases in the 

cell viability  m easurem ents or increase oxidative stress responses. H ow ever, increases 

in the expression  o f  inflammatory cytokines ( I L - la  (P = 0 .0190), IL-8 (P < 0.0001), 

PGE2 (P = 0 .0300) and T N F -a  (P = 0 .0090)) and cellular toxicity  levels (P < 0.0001)
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were observed. Such findings indicate the poHshed Co-Cr dental casting alloy, whilst 

not eliciting a significant level o f cytotoxicity, does has the potential to induce 

adverse alterations to the normal cellular function o f the oral mucosal model.

• The polished d.Sign® 15 dental casting alloy induced an increased loss o f 

normal cellular function compared with the polished d.Sign® 10 alloy.
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8.2 Indirect Exposure to the Alloy Immersion Solutions

Study Rationale

The aim o f the current section o f the study was to use the human-derived, full

thickness, differentiated 3D oral mucosal model (Section 8.1) to establish the 

biocompatibility o f polished (Section 4.1) Ni-based (d.Sign®10 and d.Sign®15) and 

Co-Cr (d.Sign®30) dental casting alloys (Section 4.2) following indirect exposure o f 

the oral mucosal model to the alloy immersion solutions.

8.2.1 Materials and Methods

Twenty disc-shaped specimens (15.0 mm diameter and 1.0 mm thickness) were cast 

(Section 3.2) for each dental casting alloy (d.Sign®10, d.Sign®15 and d.Sign®30), 

alumina particle air abrasion (Section 3.2), polished (Section 3.3) to achieve the 

clinical surface finishing condition and sterilised (Section 3.5).

8.2.2 Cell Culture

Primary gingival fibroblasts and oral keratinocytes isolated from buccal and/or palatal 

tissue (Section 7.3) were used to establish the oral mucosal models which were 

maintained under normal incubation conditions (Section 7.3) until full-thickness and 

differentiation was achieved.

8.2.3 Alloy Exposure

Indirect exposure o f the alloy immersion solutions to the oral mucosal models was 

performed in accordance with Section 7.4 for exposure times o f 2, 24, 48 and 72 h, at 

which point the analyses including histological analysis (Section 7.5), cell viability 

analysis, the expression o f inflammatory cytokines, cellular toxicity analysis and 

oxidative stress responses were performed (Section 7.6).
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Statistical Analyses

Linear regression analyses for the untreated control oral mucosal model and following  

indirect exposure to the alloy immersion solutions (1, 5, 9 and 14 day) with increased 

exposure time (2-72 h) were performed on the cell viability measurements determined 

using the alamar blue assay. The effect o f  increasing immersion duration (1-14 day) 

on the cell viability measurements was additionally investigated using linear 

regression analyses for each alloy immersion solution. A  one-way A N O V A  was 

performed on the pooled cell viability measurements for the untreated control oral 

mucosal model and following indirect exposure to the alloy immersion solutions (with 

Alloy as the dependant variable) in association with Tukey’s post-hoc tests. Linear 

regression analyses were performed to determine the effect o f  increasing immersion 

duration (1, 5, 9 and 14 day) o f  the alloy immersion solutions on the levels o f  

inflammatory cytokines (IL -la , IL-8, PGE2 and TNF-a) expressed by the oral 

mucosal models. Four one-way AN O V A s were performed on the pooled 

inflammatory cytokine expression levels for the untreated control oral mucosal 

models and following indirect exposure to the alloy immersion solutions (with Alloy  

as the dependant variable) with associated Tukey’s post-hoc tests. The cellular 

toxicity levels were investigated using linear regression analyses for the Triton-X  

treated control oral mucosal model and following indirect exposure to the alloy 

immersion solutions with increasing exposure time (2, 24, 48 and 72 h). In addition, 

the effect o f  increasing immersion duration (1-14 day) o f  the alloy immersion 

solutions on the levels o f  LDH released by the oral mucosal models were investigated 

using linear regression analyses. Statistical analyses were performed using a one-way 

ANO VA (with A lloy as the dependant variable) on the pooled cellular toxicity levels 

for the Triton-X treated control oral mucosal model and following indirect exposure 

to the alloy immersion solutions with associated Tukey’s post-hoc tests performed. 

Linear regression analyses were used to determine the oxidative stress responses o f  

the untreated control oral mucosal model and following indirect exposure to the alloy 

immersion solutions with increasing exposure time (2, 24, 48 and 72 h). Additionally, 

the effect o f  increasing immersion duration (1, 5, 9 and 14 day) on the levels o f  

reduced GSH elicited by the oral mucosal models following indirect exposure to the 

alloy immersion solutions were investigated using linear regression analyses. A  one

way AN O V A  using A lloy as the dependant variable with associated Tukey’s post-hoc 

tests were performed on the pooled oxidative stress response data for the untreated
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control oral mucosal model and following indirect exposure to the alloy immersion 

solutions.

8.2.4 Results

Histological Analysis

A H&E stained section of the untreated control oral mucosal model is shown at day 

10 of growth under normal incubation conditions in Figure 8.2.1a. The cellular 

compactness and thickness o f the epithelial and connective tissue layers o f the 

untreated control oral mucosal model were apparent with a defined boundary visible 

which separated the epithelial and connective tissue layers. Stained sections o f the 

oral mucosal model following indirect exposure to the 14 day immersion solutions of 

the polished d. Sign® 10 and d. Sign® 15 dental casting alloy for 72 h (day 10 growth) 

are shown in Figures 8.2.1b and 8.2.1c, respectively. The oral mucosal model appears 

to have lost all cellular compactness and a loss o f thickness in the epithelial and 

connective tissue layer was also evident for both Ni-based alloys. The epithelial layer 

appeared to be fragmented with the connective tissue layer exhibiting comprehensive 

vacuolisation with no defined tissue boundary visible. The stained section of the oral 

mucosal model treated with the 14 day alloy immersion solution of the polished 

d.Sign®30 dental casting alloy for 72 h (day 10 growth) in Figure 8.2.Id highlighted 

the cellular compactness and thickness o f the epithelial and connective tissue layers. 

A defined tissue boundary was visible that separated the epithelial and connective 

tissue layers and the morphological appearance was similar to the untreated control 

oral mucosal model.
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(a) (b)

Figure 8.2.1 Visual assessment of the (a) untreated control oral mucosal model at 

10 days growth under normal incubation conditions and following indirect exposure 

to the 14 day immersion solutions of the polished (b) d. Sign® 10, (c) d. Sign® 15 and (d) 

d.Sign®30 dental casting alloys for 72 h. (OE: oral epithelium layer comprising the 

oral keratinocytes; CT: connective tissue comprising the gingival fibroblasts).

Preliminary Remarks

• Indirect exposure o f the oral mucosal models to the polished Ni-based dental 

casting alloy immersion solutions (1, 5, 9 and 14 day) elicited significant levels o f 

morphological damage manifest as vacuolisation of the connective tissue layers 

following 72 h exposure compared with the untreated control oral mucosal model.

• No visual difference in the alterations of the oral mucosal model morphology 

induced by the Ni-based (d.Sign® 10 and d.Sign® 15) immersion solutions was evident.
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• The polished Co-Cr immersion solutions did not elicit morphological 

alterations to the structure o f the untreated control oral mucosal model following 

indirect exposure up to 72 h exposure time for all immersion durations investigated 

(1, 5, 9 and 14 day).

8.2.5 Alloy Exposure Methods

Cell Viability

The cell viability measurements obtained using the alamar blue assay for the untreated 

control oral mucosal model and following indirect exposure to the 1, 5, 9 and 14 day 

immersion solutions generated for the polished Ni-based and Co-Cr dental casting 

alloys for increasing exposure times o f 2-72 h are shown in Figure 8.2.2. An increase, 

though not a significant increase (P=0.5561), in the cell viability measurements o f the 

untreated control oral mucosal model was determined using a linear regression 

analysis as incubation time increased from 2 to 72 h as previously shown in Figure 

8.1.3.
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Figure 8.2.2 The cell viability measurements determined using the alamar blue 

assay for the untreated control oral mucosal model and following indirect exposure to 

the 1, 5, 9 and 14 day immersion solutions o f the polished (a) d.Sign®10, (b) 

d.Sign® 15 and (c) d.Sign®30 dental casting alloys with increasing exposure times o f 

2, 24, 48 and 72 h.
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d.Sign®10

The effects o f  increasing exposure time (2, 24, 48 and 72 h) o f  the polished d.Sign® 10 

1, 5, 9 and 14 day alloy immersion solutions to the oral mucosal model cell viability 

measurements were investigated using linear regression analyses. Significant 

decreases in the cell viability measurements were evident following indirect exposure 

o f the polished d.Sign®10 1 day (P=0.0001), 5 day (P<0.0001), 9 day (P<0.0001) and 

14 day (P=0.0001) alloy immersion solutions with increasing exposure time (2-72 h) 

(Table 8.2.1), Individual plots o f the linear regression analyses for exposure time are 

not shown, although the figures and analyses are available in the Appendices.

Equation of the Line P value df

Control y=1.3x + 87.8 0.0357 0.5561 10

1 day y=-13.1x + 95.8 0.8179 0.0001 10

5 day y=-14.7x + 86.5 0.9111 <0.0001 10

9 day y=-14.4x + 79.5 0.8849 <0.0001 10

14 day y=-14.3x + 67.8 0.8132 0.0001 10

Table 8.2.1 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and df) for the cell viability measurements for the untreated control oral 

mucosal model and following indirect exposure to the polished d.Sign® 10 immersion 

solutions o f 1, 5, 9 and 14 day duration at 2, 24, 48 and 72 h exposure times.
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The effect o f increasing immersion duration o f the polished d.Sign® 10 immersion 

solutions from 1 day to 14 day on the oral mucosal model cell viability measurements 

was determined using linear regression analysis. Increasing the immersion duration o f 

the polished d.Sign® 10 immersion solutions from 1-14 days significantly decreased 

(P=0.0001) the cell viability measurements (Figure 8.2.3).
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Figure 8.2.3 Linear regression analysis: The cell viability measurements for the oral 

mucosal models following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f the polished d. Sign® 10 disc-shaped specimens.

Fitted lines:

Linear: y=-9.9x + 71.9 r^=0.2957 P=0.0001 df=46
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d.Sign®15

Linear regression analyses were used to investigate the effect o f increasing exposure 

time (2-72 h) on the oral mucosal model cell viability measurements following 

indirect exposure to the polished d.Sign® 15 alloy immersion solutions. The polished 

d.Sign® 15 alloy immersion solutions (1 day (P==0.0004), 5 day (P=0.0003), 9 day 

(P=0.0001) and 14 day (P<0.0001) elicited significantly decreased cell viability 

m easurements with increasing exposure time (2-72 h) (Table 8.2.2).

Equation o f the Line r' P value df

Control y=1.3x + 87.8 0.0357 0.5561 10

1 day y=-12.0x + 85.6 0.7364 0.0004 10

5 day y=-11.4x + 65.8 0.7449 0.0003 10

9 day y=-12.1x + 6.5 0.8187 0.0001 10

14 day y=-11.3x + 48.4 0.8755 <0.0001 10

Table 8.2.2 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and dl) for the cell viability measurements for the untreated control oral 

mucosal model and following indirect exposure to the polished d.Sign®15 immersion 

solutions o f 1, 5, 9 and 14 day duration at 2, 24, 48 and 72 h exposure times.
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A linear regression analysis was used to determine the effect o f increasing immersion 

duration (1, 5, 9 and 14 day) o f the polished d.Sign® 15 immersion solutions on the 

oral mucosal model cell viability measurements. A significant decrease (P<0.0001) in 

the cell viability measurements was evident with increasing immersion duration (1 

day to 14 day) (Figure 8.2.4).
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Figure 8.2.4 Linear regression analysis: The cell viability measurements for the oral 

mucosal models following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f the polished d.Sign® 15 disc-shaped specimens.

Fitted lines:

Linear: y=-l 1.2x + 64.2 r ^ .4 1 3 5  P<0.0001 df=46
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d.Sign®30

The influence o f increasing exposure time (2, 24, 48 and 72 h) o f the poUshed 

d.Sign®30 immersion solutions (1, 5, 9 and 14 day) on the oral mucosal model cell 

viability measurements were investigated using linear regression analyses. The 1, 5 

and 9 day immersion solutions elicited no significant decrease (P=0.0782, P=0.6482 

and P=0,3838, respectively) in the cell viability measurements with increasing 

exposure time from 2 h to 72 h. However, a significant decrease (P=0.0188) in the 

cell viability measurements was evident for the 14 day immersion solution (Table 

8.2.3).

Equation o f the Line P value df

Control y=1.3x + 87.8 0.0357 0.5561 10

1 day y=-3.2x + 92.2 0.2779 0.0782 10

5 day y=-0.7x + 83.2 0.2190 0.6482 10

9 day y=-1.5x + 82.1 0.7660 0.3838 10

14 day y=-2.6x + 7.9 0.4393 0.0188 10

Table 8.2.3 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and df) for the cell viability measurements for the untreated control oral 

mucosal model and following indirect exposure to the polished d.Sign®30 immersion 

solutions o f 1, 5, 9 and 14 day duration at 2, 24, 48 and 72 h exposure times.
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The oral mucosal model cell viability measurements following indirect exposure to 

the polished d.Sign®30 alloy immersion solutions were investigated to assess the 

effect o f increasing immersion duration using linear regression analysis. Increasing 

the immersion duration o f  the polished Sign®30 immersion solutions from 1 to 14 day 

elicited a significant decrease (P<0.0001) in the cell viability measurements (Figure 

8.2.5).
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Figure 8.2.5 Linear regression analysis: The cell viability measurements for the oral 

mucosal models following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f the polished d.Sign®30 disc-shaped specimens.

Fitted lines:

Linear: y=-3.7x + 88.5 r^=0.3365 P<0.0001 df=46
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Statistical Analyses

A one-way ANOVA o f the pooled cell viability measurements o f the untreated 

control oral mucosal model and following indirect exposure to the polished dental 

casting alloys (Alloy) showed a significant decrease (P<0.0001) in the cell viability 

measurements (Table 8.2.4). The Tukey’s post-hoc tests (Table 8.2.5) highlighted a 

significant decrease in the cell viability measurements following indirect exposure to 

the polished d.Sign®10 (P<0.0001), d.Sign®15 (P=0.0200) and d.Sign®30 (P<0.0001) 

immersion solutions compared with the untreated control oral mucosal model. The 

polished d.Sign® 15 immersion solutions elicited significant decreases in the cell 

viability measurements following indirect exposure compared with the polished 

d.Sign®10 (P=0.0090) and d.Sign®30 (P<0.0001) immersion solutions (Table 8.2.5).

Between-Siihiects F<ictois

Value Label N
Alloy 1 00 Control 12

2 00 dSignlO 48
3 00 d S ig n l5 46
4 00 dSign30 48

Tests of Betweeh-Stibjects Effects

D ependen t V ariable Viability

Source
I>T3e III Sum  
of S q u ares df M ean S quare F 8tg.

Corrected Model 61103.962^ 3 20367.987 72,069 ,000
Intercept 228603.979 1 228603.979 808,878 ,000
Alloy 61103.962 3 20367,987 72.069 .000
Error 42958,014 152 282 619
Total 518390 689 156
Corrected Total 104061.977 155

a R S q u ared  = .587 (Ad)usted R S quared  = .579)

Table 8.2.4 One-way ANOVA o f the pooled cell viability measurements for the 

untreated control oral mucosal model (Control) and following indirect exposure to the 

polished d.Sign® 10, d.Sign®15 and d.Sign®30 dental casting alloys (Alloy).
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Multiple C o iiip o iiso iis

D ep en d en t Variable Viability
TukeyHSD

(1) Alloy (J) Alfoy

M ean
Difference

(l-J) 8td, Error SIQ.

95%  Confidence tnteival

Lower Bound U pper Bound
Control dS ignlO -26.9854* 5.42581 .000 -41.0800 -12.8909

dSign15 -15 9658* 5 42581 ,020 -30 0603 -1.8712
dSlgnSO -69.1273* 5.42581 .000 -73.2219 -45,0328

dSlgnlO Control 26.9854* 5 42581 .000 12.8909 41.0800

dSjgn15 11 0197* 3,43158 .009 2 1 0 5 5 19.9338
dSign30 -32,1419* 3 43158 .000 -41.0561 -23.2277

d 8 lg n l5 Control 15.9650* 5.42581 .020 1.8712 30.0603
dS ignlO -11.0197* 3,43158 .009 -19.9338 -2.1055

dSign30 -43 1616* 3 4 3 1 5 8 000 -5 2 0 7 5 7 -34.2474

dSign30 Control 59,1273* 5 42581 ,000 45,0328 73.2219
dS lgnlO 32.1419* 3.43158 .000 23,2277 41.0561
dSign15 43 1616* 3.43158 ,000 34.2474 52.0757

B ased  on o bserved  m ean s .

* The m ea n  difference Is significant at the .05 level.

Table 8.2.5 Tukey’s post-hoc tests o f the pooled oral mucosal model cell viability 

measurements for the untreated control TR146 cells (Control) and following indirect 

exposure to the polished d.Sign® 10, d.Sign® 15 and d.Sign®30 dental casting alloys.

Prelim inary Remarks

• Indirect exposure o f the polished dental casting alloys investigated (d.Sign® 10, 

d.Sign®15 and d.Sign®30) elicited significant decreases (P<0.0001) in all cell viability 

measurements for the oral mucosal models when the 1, 5, 9 and 14 day immersion 

solutions were compared with the untreated control oral mucosal model.

• The regression analyses highlighted that increasing the immersion duration 

from 1 to 14 days highlighted significant decreases in the cell viability measurements 

o f the oral mucosal models for the polished d.Sign®10 (P=0.0001), d.Sign®15 

(P<0.0001) and d.Sign®30 (?<0.0001) immersion solutions.

• Indirect exposure o f  the polished d.Sign®10 (P<0.0001) and d.Sign®15 

(?<0.0004) immersion solutions (1, 5, 9 and 14 day immersion duration) in 

association with the 14 day d.Sign®30 immersion solution (P=0.0188) elicited 

significant decreases in cell viability measurements as exposure time increased from 2 

to 72 h.

• The 1, 5 and 9 day immersion solutions o f the polished d.Sign®30 alloy did 

not elicit significant decreases (?>0.0782) in the cell viability measurements 

following indirect exposure to the oral mucosal models with increasing exposure time 

(2-72 h).
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•  The p o lish ed  d .Sign®! 5 im m ers ion  so lu t io n s  e l ic ited  s ign if ican t  d ecreases  in 

the cell v iab ility  m easu rem en ts  fo l lo w in g  indirect ex p o su re  to the oral m u cosa l  m odel  

com pared  with  the p o lish ed  d .S ign® 10 (P = 0 .0 0 9 0 )  and d .S ign® 30  ( P < 0 . 0 0 0 1 ) 

im m ers ion  so lu t ions .

E xp ress ion  o f  Inflam m atory C y to k in es

T h e  oral m u cosa l  m o d e ls  w ere  an a lysed  for increased  ex p ress io n  o f  the in flam m atory  

c y to k in e s  I L - la ,  IL-8, P G E 2 and T N F -a  u sing  E L IS A s  fo l lo w in g  indirect ex p o su re  to 

the polish ed  a l loy  im m ers ion  so lu t ion s  generated  at I, 5, 9 and 14 day ( im m ers ion  

duration) at 2 4  h (exp osu re  tim e).
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IL-la

A boxplo t analysis  (F igure  8.2.6) iiigiiiighted low  express ion  levels o f  I L - l a  

in f lam m ato ry  cy tok ine  exp ress ion  (in pg /m L ) from  the  untreated  control oral m ucosal 

m odel fo l low ing  incubation under  norm al cond it ions  and fo l low ing  indirect exposu re
(R)

to the  po lished  d .S ign  30 a lloy  im m ers ion  so lu tions for  the im m ers ion  dura tions ( 1 ,5 ,  

9 and 14 day) and ex posu re  t im e  (24  h) investigated . Increased levels o f  I L - l a  

in f lam m atory  cy tok ine  w ere  expressed  fo llow ing  indirect ex posu re  to the polished 

d.Sign®IO and d .Sign®15 a lloy  im m ers ion  so lu tions  at 24  h w ith  the polished 

d .S ign® I5 a lloy  elic it ing  an increased exp ress ion  level o f  IL -a  in f lam m atory  cy tokine  

at 24  h (Figure  8.2.6).
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Figure 8.2.6 B oxp lo t ana lysis  o f  I L - l a  in f lam m ato ry  cy tok ine  expression  (in 

pg /m L ) from the  un trea ted  control oral m ucosa l  m odel  and fo l low ing  indirect 

exposu re  o f  the po lished  d.Sign®IO, d .S ign® l5  and d.Sign®30 im m ers ion  so lu tions at 

24 h.
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The effects o f increasing immersion duration o f the polished d.Sign® 10, d.Sign® 15 

and d.Sign®30 immersion solutions from 1 to 14 day on the expression o f  IL -la  

inflammatory cytokine from the oral mucosal models at 24 h were analysed using 

linear regression (Table 8.2.6). The polished d.Sign®10 and d.Sign®15 immersion 

solutions significantly increased (P=0.0077 and P=0.0010, respectively) the 

expression levels o f IL - la  inflammatory cytokine, however, the polished d.Sign®30 

immersion solutions did not (P=0.1239) (Table 8.2.6). Individual plots o f the linear 

regression analyses for immersion duration are not shown, although the figures and 

analyses are available in the Appendices.

Equation of the Line P value df

d.Sign®10 y=67.3x + 409.5 0.5246 0.0077 10

d.Sign®15 y=56.8x + 724.4 0.6787 0.0010 10

d.Sign®30 y=20.1x + 219.8 0.2201 0.1239 10

Table 8.2.6 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and df) for the IL -la  inflammatory cytokine expression following indirect 

exposure to the polished d.Sign®10, d.Sign®15 and d.Sign®30 immersion solutions of 

1, 5, 9 and 14 day duration at 24 h exposure time.

Statistical Analyses

A one-way ANOVA o f the pooled IL -la  inflammatory cytokine expression data for 

the untreated control oral mucosal model and following indirect exposure to the 

polished dental casting alloys showed a significant increase (P<0.0001) in the 

expression o f the cytokine was evident with the dependant variable (Alloy) (Table 

8.2.7). Significant increases in the levels o f IL -la  inflammatory cytokine expression 

were observed following indirect exposure to the polished d.Sign®10 (P<0.0001) and 

d.Sign®15 (P<0.0001) dental casting alloys compared with the untreated control oral 

mucosal model as shown using the Tukey’s post-hoc tests. No significant increase 

(P=0.9370) in IL - la  inflammatory cytokine expression was evident following indirect 

exposure to the polished d.Sign®30 immersion solutions compared with the untreated 

control (Table 8.2.8). The polished d.Sign®15 immersion solutions elicited 

significantly increased (P<0.0001) levels o f IL -la  inflammatory cytokine expression
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following indirect exposure compared with the polished d.Sign® 10 immersion 

solutions.

Betwfren-Siih|«cts Factors

Value Label N
Alloy 1.00 Control 12

2 00 dSigm o 12
3.00 dStgnl6 12
4,00 dSlgn30 12

T ests of Between-Siibjects Effects

D ependent Variable: 111 a

Source
T ^ e  III Sum 
of Squares df Mean Square F SIg.

Corrected Model 3049704771a 3 1016568.257 191.790 .000

Intercept 11607778 4 1 11607778.43 2189.975 .000
Alloy 3049704.771 3 1016568.257 191,790 .000
Error 233218 265 44 5300.415
Total 14890701.5 48
Corrected Total 3282923.036 47

a R Squared = .929 (Adjusted R Squared = .924)

Table 8.2.7 One-way ANOVA of the pooled IL -la inflammatory cytokine 

expression for the untreated control oral mucosal model (Control) and following 

indirect exposure to the polished d.Sign®10, d.Sign®15 and d.Sign®30 immersion 

solutions (Alloy) at 24 h.

Multiple Coiitpiiiisoiis

D ependent Variable: IL1 a 
TukeyHSD

0) Alloy (J) Alloy

Mean
Difference

(i-J) Std. Error Sig
95% Confidence Interval

Lower Bound Upper Bound
Control dSignlO -325.1642^ 29,72209 000 -404 5123 -245.7960

dStgn15 -613.7358* 29.72209 000 -693,0940 -534.3777
dSign30 -17.2533 29,72209 ,937 -96.6115 62.1048

dSignlO Control 325 1542* 29,72209 000 245 7960 404 5123
dSlgnlS -288.5817’ 29,72209 000 -387,9398 -203.2235
dSlgnSO 307.9008' 29.72209 ,000 228.5427 387,2590

dSign15 Control 613.7358* 29,72209 000 534,3777 693.0940
dSignlO 288,5817* 29.72209 .000 209.2235 367.9398
dSlgnSO 596,4825* 29.72209 -000 517.1244 675.8406

dSlgnSO Control 17.2533 29.72209 937 -62.1048 96.6115
dSignlO ■307.9008* 29,72209 000 •387.2590 -228.5427
d8lgn15 -596.4825* 29.72209 ODD -675.8406 -517.1244

Based on observed m eans.
* The m ean difference is significant at the 05 level.

Table 8.2.8 Tukey’s post-hoc tests o f the pooled IL -la cytokine expression for the 

untreated control oral mucosal model (Control) and the polished d.Sign® 10, 

d.Sign® 15 and d.Sign®30 immersion solutions (Alloy).
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II.-8

Low levels o f lL-8  intlammatory cytokine were expressed (in pg/mL) from the 

untreated control oral mucosal model and fo llow ing indirect exposure to the polished 

d.Sign^SO immersion solutions at 24 h as shown in the boxplot analysis (Figure 

8.2.7). The polished d.Sign®10 and d.Sign® 15 immersion solutions elicited an 

increased expression o f IL-8 inflammatory cytokine at 24 h follow ing indirect 

exposure to the oral mucosal models. The polished d.Sign®! 5 alloy immersion 

solutions elicited higher levels o f IL-8 inflammatory cytokine compared with the
♦ • (S ' •polished d.Sign 10 immersion solutions at 24 h.
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Figure 8.2.7 Boxplot analysis o f IL-8 inflammatory cytokine expression (in pg/mL) 

from the untreated control oral mucosal model and fo llow ing indirect exposure o f the 

polished d.Sign® 10, d.Sign® 15 and d.Sign®30 immersion solutions at 24 h.

” 1--------------- r
dsyilO dtlgilS

Alloy
dtlg ix

377



L inear  reg ression  ana lyses  w ere  used to de te rm ine  tiie influence o f  increasing 

im m ers ion  du ra tions  (1-14 day) o f  the po lished  dental casting  alloys on the expression  

o f  IL-8 in f lam m ato ry  cy tokine  from the oral m ucosal m ode ls  at 24 h. S ignif icant 

increases  in lL-8 in f lam m ato ry  cy tok ine  exp ress ion  at 24 h w ere  h ighlighted  for  the 

po lished  d.Sign®IO (P< 0 .0001) .  d.Sign®15 (P^O.OOOI) and d.Sign®30 (P = 0 .0026)  

im m ers ion  so lu tions  as the  im m ers ion  dura tion  increased from 1 day  to 14 days  

(T ab le  8.2.9).

Equation of the Line P value df

d.Sign“10 y= 93 .3x  + 222.5 0 .9307 <0.0001 10

d .S ign '15 y = 84 .3x  + 534.2 0 .7854 0.0001 10

d.Sign“30 y = 28 .9x  + 90.2 0.6124 0.0026 10

T ab le  8 .2 .9 C o m p ar iso n  o f  the l inear regression analysis  data (equation  o f  the line, 

r ' .  P va lues  and df) fo r  the lL -8  in f lam m ato ry  cy tok ine  express ion  fo llow ing  indirect 

ex p o su re  to the  po lished  d.S ign 10, d .S ign  15 and d.S ign 30 im m ers ion  solu tions o f  

1. 5, 9 and 14 day  dura t ion  at 24  h exposu re  time.

Statistical Analyses

T he o n e -w a y  A N O V A  perfo rm ed  on the pooled  lL-8 in f lam m atory  cy tok ine  

exp ress ion  data  for  the  untreated  control oral m ucosal m odel and fo llow ing  indirect 

ex p o su re  to the po lished  alloy im m ers ion  so lu tions  h igh ligh ted  a significant increase 

(P < 0 .0 0 0 1 ) in the  cy tok ine  express ion  levels for the  d ependan t variab le  (A lloy) (T able  

8.2 .10). The T u k e y 's  post-hoc  tests show ed  a significant increase in the express ion  o f  

lL -8  in f lam m ato ry  cy tok ine  w a s  ev iden t  fo l low ing  indirect exposu re  to the polished 

d.Sign® 10 (P < 0 .0 0 0 1 ) and d.Sign®15 (P < 0 .0 0 0 1 ) a lloy  im m ers ion  so lu tions com pared  

w ith  the un trea ted  control oral m ucosa l  m odels . N o  significant increase  (P = 0 .5390)  in 

IL-8 in f lam m ato ry  cy to k in e  exp ress ion  w as  observed  fo llow ing  indirect exposu re  to 

the po lished  d.Sign®30 im m ers ion  solu tions for 24 h for  the  im m ers ion  dura tions 

investiga ted  (Table  8 .2.11). T he  express ion  o f  lL -8  in f lam m ato ry  cy tok ine  fo llow ing  

indirect exposu re  to  the  po lished  d.Sign®15 im m ers ion  so lu tions w as  signif ican tly
{R>

increased  (P < 0 .0 0 0 1 )  at 24 h com pared  with the po lished  d .S ign  10 im m ersion  

solutions.
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Betweeii-Siibjects Factors

Value Label N
Alloy 1.00 Control 12

2.00 d S igm o 12
3.00 dSigm 5 12
4.00 dSign30 12

Tests of Between-Subjects Effects

Dependent Variable: IL8___________________________________

Source
Type III Sum 
o f Squares df Mean Square F Sig.

Corrected Model 3061401,246- 3 1020467.082 147.051 .000
Intercept 6571636.607 1 6571636.607 946.985 .000
Alloy 3061401,246 3 1020467.082 147.051 .000
Error 305339.640 44 6939.537
Total 9938377.493 48
Corrected Total 336674O.B05 47

a. R Squared = .909 (Adjusted R Squared = .903)

Table 8.2.10 One-way A N O VA o f the pooled IL-8 inflammatory cytokine 

expression for the untreated control oral mucosal model (Control) and follow ing
• • (IT • (IT •indirect exposure to the polished d.Sign 10. d.Sign 15 and d.Sign 30 immersion 

solutions (A lloy) at 24 h.

Multiple Comparisons

Dependent Variable: IL8

Tukey HSD

(1) Alloy (J) Alloy

Mean
Difference

(l-J) Std. Error Sig
95% Confidence Interval

Lower Bound Upper Bound
Control dS lgnlO •339.0858’ 34,00867 .000 -4298892 -248.2825

dSignIS -628.1858* 34,00867 ,000 -718,9892 -537,3825
dSign30 -45.7975 34,00867 .539 -136.6008 45.0058

dSlgnlO Control 339 0858* 34 00867 000 248 2B25 429 8892

dSignIS -289,1000* 34,00867 .000 -379 9033 -198.2967
dSignSO 293.2883* 34,00867 .000 202 4B50 384.0917

dS ign iS Control 628,1858* 34,00867 .000 537,3825 718.9892
dSignlO 289,1000* 34,00867 .000 198,2967 379.9033

dSignSO 582.3883* 34,00867 .000 491,5850 673,1917
dSlgnSO Control 45,7975 34.00867 .539 -45,0058 136,6008

dSignlO -293,2883* 34.00867 .000 -364 0917 -202,4850
dSign15 -582.3883* 34.00867 .000 -673,1917 -491.5860

Based on observed m eans

*  The mean difference is significant at the 06 level.

Table 8.2.11 Tukey's post-hoc test o f the pooled IL-8 cytokine expression for the 

untreated control oral mucosal model (Control) and the polished d.Sign® 10, 

d.Sign® 15 and d.Sign®30 immersion solutions (A lloy).
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PGE2

A boxplo t analysis  (F igure  8.2.8) h igh ligh ted  low express ion  levels (in p g /m L ) o f  

P G E 2 in f lam m atory  cy tok ine  from  the un trea ted  control oral m ucosal m odel fo l low ing  

incubation under  norm al cond it ions  and fo l low ing  indirect exposure  to the  polished 

d.Sign®30 a lloy  im m ers ion  solu tions at 24 h. Increased levels o f  P G E 2 in f lam m ato ry  

cy tokine  w ere  expressed  fo llow ing  indirect exposu re  to the po lished d .S ign  10 and 

d.Sign®15 im m ers ion  so lu tions at 24 h, how ever ,  the  d.Sign®15 im m ersion  so lutions 

e licited h igher  levels o f  P G E 2 in f lam m atory  cy tok ine  com pared  with the  d.Sign® 10 

im m ersion  so lu tions (Figure  8.2.8).
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Figure  8.2.8 B oxplo t ana lysis  o f  P G E 2 in f lam m atory  cy tok ine  exp ress ion  (in 

p g /m L ) from the untrea ted  control oral m ucosa l  m odel and fo l low ing  indirect 

exposu re  o f  the  po lished d.Sign®! 0, d.Sign® 15 and d.Sign®30 im m ers ion  so lu tions  at 

24 h.

380



The effects on PGE2 inflammatory cytokine expression o f increasing immersion 

duration (1-14 day) o f  the immersion solutions were investigated using linear 

regression analyses. Increasing the alloy immersion duration (1, 5, 9 and 14 day) 

elicited significantly increased expression levels o f PGE2 inflammatory cytokine for 

d.Sign®10 (P<0.0001), d.Sign®15 (?<0.0001) and d.Sign®30 (P=0.0008) from the oral 

mucosal models (Table 8.2.12).

Equation of the Line r ' P value df

d.Sign®10 y=67.3x + 26.1 0.9155 <0.0001 10

d.Sign®15 y=74.8x+  104.6 0.9331 <0.0001 10

d.Sign®30 y=24.0x + 64.2 0.6928 0.0008 10

Table 8.2.12 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and df) for the PGE2 inflammatory cytokine expression following indirect 

exposure to the polished d.Sign®10, d.Sign® 15 and d.Sign®30 immersion solutions o f 

1, 5, 9 and 14 day duration at 24 h exposure time.

Statistical Analyses

A one-way ANOVA o f the pooled PGE2 inflammatory cytokine expression data for 

the untreated control oral mucosal model and following indirect exposure to the 

polished dental casting alloys, with Alloy being the dependant variable, highlighted a 

significant increase (P<0.0001) in the expression o f PGE2 inflammatory cytokine 

(Table 8.2.13). Following indirect exposure, the polished d.Sign®10 and d.Sign®15 

dental casting alloys elicited significant increases (P=0.0001 and P<0.0001, 

respectively) in PGE2 inflammatory cytokine expression compared with the untreated 

control oral mucosal model, as shown using the Tukey’s post-hoc test (Table 8.2.14). 

Following indirect exposure, the polished d.Sign®30 immersion solutions did not 

elicit a significant increase (P=0.4530) in PGE2 inflammatory cytokine expression 

compared with the untreated control (Table 8.2.14). The polished d.Sign®15 

immersion solutions elicited significantly increased (P=0.0030) expression levels o f 

PGE2 inflammatory cytokine compared with the polished d.Sign® 10 immersion 

solutions following indirect exposure to the oral mucosal model.
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B etw eenSid> |ects Fdclois

V alue Label N
Alloy 1.00 Control 12

2,00 dSigm O 12
3.00 d s ig m s 12
4,00 dSign30 12

T ests of Betweeii-Siibjects Effects

D ep en d en t Variable: PQE2

S ource
Type III Sum  
of S q u a res df M ean S quare F Sig,

C orrected Model 295230 751* 3 98410 250 23,976 000

Intercept 1451696.334 1 1451696.334 353.712 .000

Alloy 2 9 5230751 3 98410,250 23.978 000

Error 180583 730 44 4 1 0 4 1 7 6

Total 1927510,815 48
C orrected Total 475814 481 47

a R S q u ared  = .620 (Adjusted R S q u ared  = .595)

Table 8.2.13 One-way ANOVA o f the pooled PGE2 inflammatory cytokine 

expression results for the untreated control oral mucosal model (Control) and 

following indirect exposure to the polished d.Sign® 10, d.Sign® 15 and d.Sign®30 

immersion solutions (Alloy) at 24 h.

CoinptVisons

D ep en d en t Variable PGE2

TukeyHSD

(1) Alloy (J) Alloy

Mean
Difference

(l-J) Std Error Sig,

95%  Confidence Interval
Lower Bound U pper Bound

Control dS ignlO -108 9825* 26 15395 .001 -178,8137 -39.1513

dS ig n IS -206 3775* 26.15395 .000 -276.2087 •136.5463
dSign30 -38 9450 26 15395 ,453 '1 0 8  7762 30,8862

dS ignlO Control 108.9825- 26,15395 .001 39,1513 178.8137
dSlgn15 -97 3950* 26,15395 .003 -167,2262 -27.5638

dSignSO 70 0375* 26 15395 .049 ,2063 139,8687

dSign15 Control 206.3775* 26,15395 ,000 136,5463 276,2087
dSlgnlO 97.3850* 26,15395 .003 27.5638 187.2262
dSign30 167.4325* 26,15395 .000 97.6013 237,2637

dSign30 Control 38 9450 26 15395 ,453 -30  8862 108.7762
dSignlO -70,0375* 26.15395 .049 -139,8687 -.2063
dS ig n IS -167.4325* 26,15395 .000 -237.2637 -97.6013

B a se d  on o bserved  m ea n s .

* The nrjean difference is  significant at the .06 level.

Table 8.2.14 Tukey’s post-hoc test o f the pooled PGE2 inflammatory cytokine 

expression results for the untreated control oral mucosal model (Control) and the 

polished d.Sign®10, d.Sign®15 and d.Sign®30 immersion solutions (Alloy).

382



T N F -a

T he low  levels (in p g /m L ) o f  T N F -a  in f lam m ato ry  cytoicine expressed  by the 

untreated  control oral m ucosa l  m odel and fo l low ing  indirect exposu re  to the  po lished  

d.Sign®30 1, 5, 9 and 14 day  im m ers ion  solu tions at 24 h are show n  using a boxp lo t  

analysis  (Figure  8.2.9). H igher  levels  o f  T N F -a  in f lam m ato ry  cy tok ine  w ere  

expressed  fo llow ing  indirect ex p o su re  to  the po lished  d.Sign® 10 and d.Sign® 15 

im m ersion  so lu tions at 24 h, how ever ,  the  d.Sign® 15 im m ers ion  solu tions e lic ited  the  

h ighest levels o f  T N F -a  in f lam m ato ry  cy tokine .

Alloy

Figure 8.2 .9 B oxplo t analysis  o f  T N F - a  in f lam m ato ry  cy tok ine  exp ress ion  (in 

pg /m L) from the untreated  control oral m ucosa l  m odel and fo l low ing  indirect 

exposure  o f  the po lished  d.Sign® 10, d.Sign® 15 and d.Sign®30 im m ers ion  so lu tions  at 

2^ h.
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The effects o f  increasing immersion duration o f  the poHshed immersion solutions on 

the expression levels o f  T N F -a  inflammatory cytokine from the oral mucosal models 

at 24 h were investigated using linear regression analyses. Significant increases in the 

expression o f  T N F-a  inflammatory cytokine were evident for the polished d.Sign 10 

(P=0.0004), d.Sign®15 (P=0.0002) and d.Sign®30 (P=0.0002) immersion solutions at 

24 h (Table 8.2.15).

Equation of the Line P value df

d.Sign“lO y=63.6x + 407.2 0.7346 0.0004 10

d.Sign “15 y=102.4x + 49.5 0.7625 0.0002 10

d.Sign "30 y = 2 5 .!x  + 94.7 0.7715 0.0002 10

Table 8.2.15 Comparison o f  the linear regression analysis data (equation o f  the line, 

r", P values and df) for the T N F -a  inflammatory cytokine expression following 

indirect exposure to the polished d.Sign® 10. d.Sign®!5 and d.Sign®30 immersion 

solutions o f  I, 5. 9 and 14 day duration at 24 h exposure time.

Slatislical A milyses

A one-way A N O V A  on the pooled T N F-a  inflammatory cytokine expression levels 

for the untreated control oral mucosal model and following indirect exposure to the 

polished d.Sign®!0, d.Sign®15 and d.Sign®30 immersion solutions at 24 h showed a 

significant increase (P <0 .000!)  in the expression o f  the cytokine was evident with the 

dependant variable (Alloy) (Table 8.2.16). The Tukey’s post-hoc tests highlighted 

significant increases in the expression o f  TTvlF-a inflammatory cytokine expression 

were evident following indirect exposure to the polished d.Sign®!0 (P<0.000!)  and 

d.Sign®! 5 (P<0 .000!)  immersion solutions compared with the untreated control oral 

mucosal models. The indirect exposure o f  the polished d.Sign®30 immersion solutions 

did not induce a significant increase (P=0.4270) in the expression o f  T N F -a  

inflammatory cytokine compared with the untreated control oral mucosal model 

(Table 8.2.17). Following indirect exposure, the polished d.Sign® 15 immersion 

solutions elicited significantly increased (P<0.0001) expression levels o f  T N F -a  

inflammatory cytokine com pared with the polished d.Sign®! 0 immersion solutions 

(Table 8.2.17).
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B e (w e e n - S i i t ) i e c t s  F a c to i s

V a lu e  L a b e l N
Alloy 1 0 0 C o n tro l 12

2 .0 0 d S ig n lO 12

3 .0 0 d S lg n I  5 12

4 00 dS ignS O 12

T e s t s  o f B 6tw « eii-S td > f0 C fs E tT ecfs 

D e p e n d e n tV a ria D ie :  T N F a______________________________________

S o u rc e
T ^ e  III S u m  
o f S q u a r e s df M ea n  S q u a re F Sig,

C o rre c te d  M odel 4 8 1 6 9 5 6 ,4 0 5 ^ 3 1 6 0 5 6 5 2 .1 3 5 23 2 .1 6 1 ,000

In tercep t 8 7 6 7 7 6 4 ,8 1 1 1 8 7 6 7 7 6 4 ,8 1 1 1 2 6 7  7 32 ,000
^ lo y 4 8 1 6 9 5 6 .4 0 6 3 1 6 0 5 6 5 2 .1 3 5 232 .181 .000
Error 3 0 4 3 0 8 ,4 1 6 44 6 9 1 6 ,1 0 0

Total 1 3 8 8 9 0 2 9  6 48

C o rre c te d  T otal 5 1 2 1 2 6 4  8 2 2 47

a. R S q u a re d  = .941 (A d ju s ted  R S q u a r e d  =  ,937)

Table 8.2.16 One-way AN O V A  o f  the pooled TNF-a inflammatory cytokine 

expression for the untreated control oral mucosal model (Control) and following  

indirect exposure to the polished d.Sign® 10, d.Sign® 15 and d.Sign®30 immersion 

solutions (A lloy) at 24 h.

M trtliple C o in p itf  i s o n s

D e p e n d e n t  V ariab le : T N F a

T ukey H SD ____________________________________________________________________________________________

(1) Alloy (J) Alloy

M ean
D ifference

0-J) S td , En-or S ig.

9 5 %  C o n f id e n c e  Interval

L o w e r S o u n d U p p e r B o u n d
C ontrol d S ig n lO -4 6 0 .8 5 3 3 * 3 3 .9 5 1 1 9 .000 -5 5 1 .5 0 3 2 -3 7 0 ,2 0 3 5

d S ig n l5 -7 7 5  4 1 83* 3 3 .9 5 1 1 9 00 0 -8 6 6  0 6 8 2 -6 8 4  7 6 8 5

d S ig n 3 0 -5 2  0 7 2 9 3 3 ,9 5 1 1 9 .427 -1 4 2 ,7 2 2 8 3 8  5 7 7 0
d S ig n lO C ontro l 4 6 0 ,8 5 3 3 ' 3 3 ,9 5 1 1 9 .000 3 7 0 ,2 0 3 5 551 5 0 3 2

d S ig n 1 5 -3 1 4 ,6 6 5 0 * 3 3 .9 5 1 1 9 .000 -4 0 5 .2 1 4 9 -2 2 3 ,9 1 5 1

d S ig n 3 0 4 0 8 ,7 8 0 4 ’ 33 ,951  19 ,0 0 0 3 1 8 ,1 3 0 5 4 9 9  4 3 0 3

d S ig n 1 5 C on tro l 7 7 5  4 1 83* 33  9 5 1 1 3 .000 6 8 4 ,7 8 8 5 8 6 6 ,0 6 8 2
d S ig n lO 3 1 4 .5 6 5 0 * 3 3 .9 5 1 1 9 .0 0 0 223 .9 1 5 1 4 0 5  2 1 4 9

d S ig n 3 0 7 2 3 .3 4 5 4 * 3 3 .9 5 1 1 9 .0 0 0 6 3 2 ,6 9 5 5 8 1 3 ,9 9 5 3
d S ig n 3 0 C on tro l 5 2 .0 7 2 9 3 3 ,9 5 1 1 9 4 2 7 -3 8 ,5 7 7 0 1 4 2  7 2 2 8

d S ig n lO -4 0 8 .7 8 0 4 * 3 3 .9 5 1 1 9 .0 0 0 -4 9 9 .4 3 0 3 -3 1 8 ,1 3 0 5

d S ig n I S -7 2 3 .3 4 5 4 * 3 3 .9 5 1 1 9 .0 0 0 -8 1 3 .9 9 5 3 -6 3 2 .6 9 5 5

B a s e d  on  o b s e r v e d  m e a n s .

* T h e  m e a n  d iffe re n c e  is  s ig n if ic a n t a1 th e  .05 level

Table 8.2.17 Tukey’s post-hoc test o f  the pooled TNF-a inflammatory cytokine 

expression for the untreated control oral mucosal model (Control) and the polished 

d.Sign® 10, d.Sign® 15 and d.Sign®30 immersion solutions (Alloy).
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Preliminary Remarks

• The polished Ni-based (d.Sign®10 and d.Sign®15) immersion solutions 

elicited significantly increased levels o f IL -la, IL-8, PGE2 and TNF-a inflammatory 

cytokines following indirect exposure to the oral mucosal models for 24 h compared 

with the untreated control oral mucosal models (P<0.0001) and the d.Sign®30 

(P<0.0490) immersion solution treated oral mucosal models.

• The polished d.Sign® 15 immersion solutions elicited significantly increased 

IL -la  (P<0.0001), IL-8 (P<0.0001), PGE2 (P=0.0030) and TNF-a (P<0.0001) 

inflammatory cytokine expression levels following indirect exposure to the oral 

mucosal models compared with the polished d.Sign® 10 immersion solutions.

• The polished Co-Cr (d.Sign®30) immersion solutions did not significantly 

induce the expression of IL -la  (P=0.9370), IL-8 (P=0.5390), PGE2 (P=0.4530) and 

TNF-a (P=0.4270) inflammatory cytokines following indirect exposure for 24 h 

compared with the untreated control oral mucosal models.
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Cellular Toxicity

Cellular toxicity was assessed by measuring the levels o f LDH enzyme present in the 

Triton-X treated control oral mucosal model and following indirect exposure to the 

polished Ni-based and Co-Cr immersion solutions for the immersion durations (1, 5, 9 

and 14 day) with increasing exposure times o f 2 to72 h investigated (Figure 8.2.10). 

No significant linear (P=0.4218) effect on cellular toxicity levels was determined 

following exposure o f the oral mucosal model to Triton-X with increasing exposure 

time from 2 h to 72 h as shown previously in Figure 8.1.9.

(a)

s P  80“e.
■ Control
*  1 day 
▼ 5 day
♦  9 day
•  14 day

Time(h)
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(b)

100n

0^

o
' 5o
K-

Rt

■
4

▼

♦

Control 

1 day 

5 day 
9 day 

14 day

T im e(h)

(c)

100

C?" 80'

24 48 72

Control 
1 day  

5 day  

9 day  

14 day

Time(h)

Figure 8.2.10 The cellular toxicity levels determined by measuring the release o f the 

LDH enzyme for the Triton-X treated control oral mucosal model and following 

indirect exposure to the 1, 5, 9 and 14 day immersion solutions o f the polished (a) 

d.Sign® 10, (b) d.Sign®15 and (c) d.Sign®30 dental casting alloys with increasing 

exposure times from 2 to 72 h.
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d.Sign®10

The cellular toxicity levels o f the oral mucosal models following indirect exposure to 

the polished d.Sign®10 alloy immersion solutions (1, 5, 9 and 14 day) with increasing 

exposure time (2 to 72 h) were analysed using linear regression (Table 8.2.18). Each 

alloy immersion solution (1 day (P<0.0001), 5 day (P<0.0001), 9 day (P=0.0001) and 

14 day (P=0.0001)) elicited a significant increase in the cellular toxicity levels 

following indirect exposure with increasing exposure time (2-72 h).

Equation of the Line P value df

Control y=-0.3x + 98.7 0.6555 0.4218 10

1 day y= l 1.9x -  4.6 0.8946 <0.0001 10

5 day y = 2 3 .1 x - 19.2 0.9549 <0.0001 10

9 day y=25.1x -  22.7 0.8152 0.0001 10

14 day y=26.6x -  25.2 0.8104 0.0001 10

Table 8.2.18 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and df) for the cellular toxicity levels for the Triton-X treated control oral 

mucosal model and following indirect exposure to the polished d.Sign® 10 immersion 

solutions o f 1, 5, 9 and 14 day duration at 2, 24, 48 and 72 h exposure times.
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A linear regression analysis determined that an increase in immersion duration, from 

1 to 14 days, for the polished d.Sign® 10 dental casting alloys elicited a linear increase, 

although not a significant increase (P=0.1765), in the levels o f LDH release observed 

(Figure 8.2.11).

100 -
O  Observed 
 Linear

8 0 -

4 0 -

20 -

0 -

1 5 g 14

Immersion Duration (Day)

Figure 8.2.11 Linear regression analysis: The cellular toxicity levels for the oral 

mucosal models following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f the polished d.Sign® 10 disc-shaped specimens.

Fitted lines:

Linear: y=4.9x + 23.9 r^=0.0393 P=0.1765 df=46
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d.Sign®15

Linear regression analyses were employed to determine the cellular toxicity levels 

following indirect exposure o f the oral mucosal models to the polished d.Sign®15 

alloy immersion solutions as exposure time increased (2, 24, 48 and 72 h). The 

polished d.Sign® 15 alloy immersion solutions elicited significant increases (1 day 

(P=0.0001), 5 day (P<0.0001), 9 day (P<0.0001) and 14 day (?<0.0001)) in the 

cellular toxicity levels following indirect exposure to the oral mucosal model with 

increasing exposure time (2-72 h) (Table 8.2.19).

Equation of the Line P value df

Control y=-0.3x + 98.7 0.6555 0.4218 10

1 day y= 1 5 .1 x -8 .1 0.7866 0.0001 10

5 day y=15.7x + 2.1 0.8532 <0.0001 10

9 day y=23.5x -  6.2 0.8261 <0.0001 10

14 day y = 2 6 .8 x - 12.4 0.8236 <0.0001 10

Table 8.2.19 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and df) for the cellular toxicity levels for the Triton-X treated control oral 

mucosal model and following indirect exposure to the polished d.Sign®15 immersion 

solutions o f 1, 5, 9 and 14 day duration at 2, 24, 48 and 72 h exposure times.
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When a Hnear regression analysis was used, a significant increase (P=0.0154) in the 

cellular toxicity levels was evident following indirect exposure o f the oral mucosal 

models to the polished d.Sign®15 immersion solutions was evident with increasing 

immersion duration from 1 to 14 days (Figure 8.2.12).

100 -

O  Observed 
 Linear

8 0 -

&
6 0 -

u
'><o

■2 4 0 -

"oio
2 0 -

0 -

1 5 g 14

Immersion Duration (Day)

Figure 8.2.12 Linear regression analysis: The cellular toxicity levels for the oral 

mucosal models following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f the polished d.Sign® 15 disc-shaped specimens.

Fitted lines:

Linear: y=8.6x + 23.1 r^=0.1210 P=0.0154 df=46
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d.Sign®30

The release o f the LDH enzyme following indirect exposure o f the oral mucosal 

models to the polished d.Sign®30 alloy immersion solutions for the immersion 

durations investigated with increasing exposure times o f 2, 24, 48 and 72 h were 

analysed using linear regression. The polished d.Sign®30, 1 day (P=0.2339), 5 day 

(P=0.1562) and 9 day (P=0.1853) alloy immersion solutions did not elicit significant 

increases in the cellular toxicity levels o f the oral mucosal models with increasing 

exposure time (2-72 h). However, the polished d.Sign®30 14 day alloy immersion 

solution did elicit a significant increase (P=0.0105) in cellular toxicity levels as 

exposure time increased (2-72 h) (Table 8.2.20).

Equation of the Line P value df

Control y=-0.3x + 98.7 0.6555 0.4218 10

1 day y=0.6x + 3.1 0.1382 0.2339 10

5 day y=0.9x + 2.3 0.1903 0.1562 10

9 day y=1.8x+  1.3 0.1683 0.1853 10

14 day y=2.1x+  1.3 0.4962 0.0105 10

Table 8.2.20 Comparison o f the linear regression analysis data (equation o f the line, 

r^, P values and df) for the cellular toxicity levels for the Triton-X treated control oral 

mucosal model and following indirect exposure to the polished d.Sign®30 immersion 

solutions o f 1, 5, 9 and 14 day duration at 2, 24, 48 and 72 h exposure times.
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A linear regression analysis highlighted an increase, although not a significant 

increase (P=0.1748), in the cellular toxicity levels following indirect exposure o f the 

oral mucosal models to the polished d.Sign®30 immersion solutions for increasing 

immersion durations (Figure 8.2.13).
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Figure 8.2.13 Linear regression analysis: The cellular toxicity levels for the oral 

mucosal models following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f the polished d.Sign®30 disc-shaped specimens.

Fitted lines:

Linear: y=0.6x + 3.9 r^=0.0396 P=0.1748 df=46
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Statistical Analyses

A one way ANOVA on the pooled cellular toxicity levels for the Triton-X treated 

control oral mucosal model and following indirect exposure to the polished dental 

casting alloys with Alloy as the dependant variable highlighted a significant increase 

(P<0.0001) in the levels o f LDH released (Table 8.2.21). The Tukey’s post-hoc tests 

showed a significant increase in LDH release levels following indirect exposure o f the 

poHshed d.Sign®10 (P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (?<0.0001) 

immersion solutions was evident relative to the Triton-X treated control (Table

8.2.22). Following indirect exposure to the oral mucosal model, the polished 

d.Sign® 15 immersion solutions did not elicit a significant increase (P=0.2550) in the 

levels o f LDH released compared with the polished d.Sign®10 immersion solutions. 

Indirect exposure o f the polished d.Sign®10 and d.Sign®15 immersion solutions 

elicited significantly increased (P<0.0001 and P<0.0001, respectively) cellular 

toxicity levels compared with the polished d.Sign®30 immersion solutions (Table

8 .2 .22 ).

Befweei}-S<4)jects Factois

V alue Label N
Alloy 1 00 Control 12

2.00 dSlgm O 48
3,00 dSign15 48

4,00 dSlgn30 48

Tests of Betwe«ii-S(rt)jects Effects

D ep en d en t Variable: LDH

Source
Type 111 Sum  
o fS q u a re s df M ean Square F Sig.

Corrected Model 93895.1 39^ 3 31298,360 63.728 000
Intercept 232961,105 1 232961.105 474,341 000
Alloy 9 3 8 9 5 1 3 9 3 31299,380 63 728 000
Error 74651 051 152 491,126

Total 349937.600 156
Corrected Total 168546,190 155

a. R S q u ared  = 567 (Adjusted R S q u ared  = .548)

Table 8.2.21 One-way ANOVA o f the pooled cellular toxicity levels for the Triton- 

X treated control oral mucosal model (Control) and following indirect exposure o f  the 

polished d.Sign®10, d.Sign®15 and d.Sign®30 immersion solutions (Alloy).
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D ep en d en t Variable LOH 
TukeyH SD ______________

Muftipie Comp«irisons

(!) Alloy (J) Ailoy

Mean
Difference

(i-J) Std, Error Sig.
95%  Confidence Interval

Lower Bound U pper Bound
Control dSignlO 61.7423* 7.15254 .000 43.1623 80.3223

dS lgnIS 53.3815* 7.15254 ,000 34.8015 71.9615
dSlgnSO 92 .5365 '' 7.15254 ,000 73.9565 111,1166

dSignlO Control -61-7423* 7,15254 ,000 -80.3223 -43,1623
d s ig m s -8.3608 4.52367 ,255 -20.1119 3.39Q2
dSlgn30 30 7942* 4 52367 ,000 19 0432 42.5453

dSignI 5 Control •53.3815* 7.15254 .000 -71.9615 -34.8015
dSigm O 8.3608 4 52367 .255 -3 3902 20,1119
dSignSO 39.1551* 4.52367 .000 27,4040 50.9061

dSlgn3Q Control -92  5365* 7 15254 000 -111 1166 -73,9565
dSigntO -30,7942* 4,52367 .000 -42,5453 -19,0432
dS lg n iS -39.1551* 4,52367 .000 -50.9061 -27.4040

B ased  on o bserved  m ean s ,

* The m ea n  difference is significant at the 05 level.

Table 8.2.22 Tukey’s post-hoc test o f the pooled cellular toxicity levels for the 

Triton-X treated control oral mucosal model (Control) and the polished d.Sign®10, 

d.Sign® 15 and d.Sign®30 immersion solutions (Alloy).

Preliminary Remarks

• The polished dental casting alloys (d.Sign®10, d.Sign® 15 and d.Sign®30) 

elicited a significant increase (P<0.0001) in the cellular toxicity levels following 

indirect exposure to the oral mucosal models relative to the Triton-X treated control 

oral mucosal model.

• Following indirect exposure, the polished d.Sign®15 immersion solutions did 

not induce a significant increase (P=0.2550) in the levels o f LDH released compared 

with the polished d.Sign®10 immersion solutions.

• The Ni-based alloy immersion solutions induced significantly increased 

(?<0.0001) levels o f LDH release from the oral mucosal models compared with the 

Co-Cr alloy immersion solution investigated.
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Oxidative Stress

The oxidative stress responses were measured in the untreated control oral mucosal 

model following incubation under normal conditions and following indirect exposure 

to the polished Ni-based and Co-Cr alloy immersion solutions (1, 5, 9 and 14 day) 

with increasing exposure time (2, 24, 48 and 72 h) (Figure 8.2.14). The untreated 

control oral mucosal model elicited a linear increase in the levels o f reduced GSH, 

although the increase was not significant (P=0.2597) as exposure time increased from 

2 to 72 h as previously shown in Figure 8.1.11.
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(b)
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Figure 8.2.14 The oxidative stress responses determined by measuring the levels o f 

reduced GSH for the untreated control oral mucosal model and following indirect 

exposure to the 1, 5, 9 and 14 day immersion solutions o f  the polished (a) d.Sign®10, 

(b) d.Sign® 15 and (c) d.Sign®30 dental casting alloys with increasing exposure times 

o f2 , 24, 48 and 72 h.
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d. Sign® 10

Linear regression analyses were used to investigate the effects o f the polished 

d.Sign® 10 alloy immersion solutions on the oral mucosal model oxidative stress 

responses following indirect exposure for the 1, 5, 9 and 14 day immersion durations 

as exposure time increased (2, 24, 48 and 72 h). The polished d.Sign®10 1 day 

(P=0.0053), 5 day (P^O.0003), 9 day (P=0.0006) and 14 day (P=0.0002) alloy 

immersion solutions elicited significant decreases in the levels of reduced GSH in the 

oral mucosal models with increasing exposure time (2-72 h) (Table 8.2.23). Individual 

plots of the linear regression analyses for exposure time are not shown, although the 

figures and analyses are available in the Appendices.

Equation of the Line P value df

Control y=0.2x + 5.9 0.1249 0.2597 10

1 day y=-1.2x + 7.6 0.5576 0.0053 10

5 day y = -l.lx  + 6.9 0.7439 0.0003 10

9 day y=-0.9x + 6.6 0.7101 0.0006 10

14 day y--1.2x + 7.1 0.7541 0.0002 10

Table 8.2.23 Comparison of the linear regression analysis data (equation of the line, 

r ,̂ P values and df) for the oxidative stress responses for the untreated control oral 

mucosal model and following indirect exposure to the polished d.Sign® 10 immersion 

solutions o f 1, 5, 9 and 14 day duration at 2, 24, 48 and 72 h exposure times.
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The effect o f  increasing immersion duration o f the poUshed d.Sign® 10 dental casting 

alloy immersion solutions on the oral mucosal model oxidative stress responses was 

analysed using linear regression. The linear regression analysis showed a decrease in 

the levels o f  reduced GSH, although not a significant decrease (P=0.4158), with 

increasing immersion duration (Figure 8.2.15).
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Figure 8.2.15 Linear regression analysis: The oxidative stress responses for the oral 

mucosal models following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f the polished d.Sign®10 disc-shaped specimens.

Fitted lines:

Linear: y=-0.1x + 4.7 r^=0.0144 P=0.4158 df=46
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d.Sign®15

The effects of increasing exposure time from 2 to 72 h of the poUshed d. Sign® 15 alloy 

immersion solutions (for the 1, 5, 9 and 14 day immersion durations) on the oxidative 

stress responses of the oral mucosal models were determined using linear regression 

analyses. Significant decreases in the levels of reduced GSH were evident for the 1 

day (P=0.0002), 5 day (P<0.0001), 9 day (P=0.0005) and 14 day (P=0.0001) alloy 

immersion solutions with increasing exposure time (2-72 h) (Table 8.2.24).

Equation of the Line P value df

Control y=0.2x + 5.9 0.1249 0.2597 10

1 day y=-0.8x +5.9 0.7588 0.0002 10

5 day y=-1.2x + 5.4 0.8214 <0.0001 10

9 day y=-0.9x + 4.3 0.7181 0.0005 10

14 day y=-0.9x + 4.1 0.7777 0.0001 10

Table 8.2.24 Comparison of the linear regression analysis data (equation of the line, 

r ,̂ P values and df) for the oxidative stress responses for the untreated control oral 

mucosal model and following indirect exposure to the polished d.Sign® 15 immersion 

solutions o f 1, 5, 9 and 14 day duration at 2, 24, 48 and 72 h exposure times.

401



Linear regression analysis determined that a significant decrease (P=0.0004) in the 

levels o f  reduced GSH following indirect exposure o f the oral mucosal model to the 

polished d.Sign® 15 immersion solutions was evident with increasing immersion 

duration (1-14 day) (Figure 8.2.16).
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Figure 8.2.16 Linear regression analysis: The oxidative stress responses for the oral 

mucosal models following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f  the polished d.Sign® 15 disc-shaped specimens.

Fitted lines:

Linear: y=-0.6x + 4.1 r^=0.2370 P=0.0004 df=46

402



d.Sign®30

The oxidative stress responses of the oral mucosal models were analysed using linear 

regression to determine if increasing exposure time (2-72 h) of the polished d.Sign®30 

alloy immersion solutions (1, 5, 9 and 14 day) elicited significant decreases in the 

levels of reduced GSH from the oral mucosal models. The 1, 5, 9 and 14 day 

immersion solutions of the polished d.Sign®30 dental casting alloy did not elicit 

significant decreases (P=0.4755, P=0.5092, P=0.6341 and P=0.6303, respectively) in 

the oxidative stress responses of the oral mucosal models with increasing exposure 

time (2-72 h) (Table 8.2.25).

Equation of the Line r' P value df

Control y=0.2x + 5.9 0.1249 0.2597 10

1 day y=0.1x + 6.0 0.0521 0.4755 10

5 day y=0.1x + 5.7 0.0447 0.5092 10

9 day y=0.1x + 5.3 0.0235 0.6341 10

14 day y=0.1x + 4.6 0.0240 0.6303 10

Table 8.2.25 Comparison of the linear regression analysis data (equation o f the line, 

r ,̂ P values and df) for the oxidative stress responses for the untreated control oral 

mucosal model and following indirect exposure to the polished d.Sign®30 immersion 

solutions of 1, 5, 9 and 14 day duration at 2, 24, 48 and 72 h exposure times.
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Using a linear regression analysis, as the immersion duration o f the d.Sign®30 

immersion solutions was increased from 1 to 14 days, a significant decrease 

(P=0.0007) in the oxidative stress responses o f the oral mucosal models was observed 

(Figure 8.2.17).
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Figure 8.2.17 Linear regression analysis: The oxidative stress responses for the oral 

mucosal models following indirect exposure to the 1, 5, 9 and 14 day immersion 

solutions o f  the polished d.Sign®30 disc-shaped specimens.

Fitted lines:

Linear: y=-0.4x + 6.8 r^=0.2231 P=0.0007 df=46

Statistical Analyses

A one-way ANOVA o f the pooled oxidative stress responses o f the untreated control 

oral mucosal model and following indirect exposure to the polished alloy immersion 

solutions showed a significant decrease (P<0.0001) in the levels o f reduced GSH 

(Table 8.2.26). The Tukey’s post-hoc tests highlighted that following indirect 

exposure o f  the oral mucosal model to the polished d.Sign®10 and d.Sign® 15 

immersion solutions significant decreases (P<0.0001 and P<0.0001, respectively) in
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the levels of reduced GSH were evident compared with the untreated control oral 

mucosal models. Following indirect exposure of the polished d.Sign®30 immersion 

solutions, no significant decrease (P=0.4740) in the levels of reduced GSH was 

evident compared with the untreated control (Table 8.2.27). Following indirect 

exposure of the polished d.Sign® 15 immersion solutions to the oral mucosal models a 

significantly decreased (P<0.0001) levels o f reduced GSH was evident compared with 

the polished d.Sign®10 immersion solutions.

Betweeii-SiitHects Fiiclois

Value Label N
Alloy 1 00 ConUol 12

2 0 0 d S ig m o 48
3.00 dSlgn15 48

4 00 dSignSO 48

Tests of Between-Suhlects Effects

D ep en d en t Variable 0)ddatlveS tress

S ource
Type III Sum  
of S q u a res dr Mean Square F S.g

C orrected  Model 321 .659- 3 107.220 58.834 .000
Intercept 2445.091 1 2445,091 1341 670 .000
Alloy 321 659 3 107,220 58,834 000
Error 277.008 152 1,822
Total 3527 822 156

C orrected Total 598 668 155

a, R S q u a red  = .537 (Adjusted R S q u ared  = .628)

Table 8.2.26 One-way ANOVA of the pooled oxidative stress responses for the 

untreated control oral mucosal model (Control) and following indirect exposure of the 

polished d.Sign®10, d.Sign® 15 and d.Sign®30 immersion solutions (Alloy).
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MfiKiple CoiiipiHisoiis

D ependen t Variabie: 0)ddative S tre s s
TukeyHSD

(D Alloy (J) Aftoy

M ean
Difference

(t-J) Std Error Sig

95%  Confidence Interval
Lower Bound U pper Bound

Control dSlgnlO 2.1355* ,43570 .000 1.0037 3.2674
dSign15 3.9539* 43570 .000 2.8221 5,0867
dSign30 6290 43570 474 -.5028 1.7608

dSignlO Contfol •2 1 3 5 5 * ,43570 000 -3 2674 -1 0037
dSlgn15 1.8184* .27556 ,000 1 1026 2,5342
dSign30 -1 5066* 27556 .000 •2.2224 --7907

dStgnI 5 Control -3.9539* 43570 000 -5 0857 -2,8221
dSignlO -1 8184* .27556 000 -2 5 3 4 2 -1,1026
dSign30 -3 3250* .27556 000 -4.0408 -2.6091

dSignSO Control -.6290 43570 474 -1,7608 .5028
d S ig m o 1.5066* .27556 000 7907 2 2224
dSignIS 3.3250* .27556 000 2.6091 4.0408

B ased  on o b se rv ed  m ea n s .

* The m ea n  difference is  significant at the  05 level

Table 8.2.27 T ukey’s post-hoc test o f  the oxidative stress responses for the untreated 

control oral m ucosal m odel (Control) and the polished d.Sign® 10, d.Sign® 15 and 

d.Sign®30 im m ersion solutions (Alloy).

Preliminary Remarks

•  Ind irect exposure o f  the polished N i-based im m ersion solutions elicited 

significant decreases (P<0.0001) in the levels o f  reduced GSH, indicative o f  an 

oxidative stress response, com pared w ith the untreated control oral m ucosal model.

• The polished d.Sign® 15 alloy im m ersion solutions (1, 5, 9 and 14 day) elicited 

significantly  decreased (P<0.0001) levels o f  reduced GSH com pared with the 

po lished  d.Sign®10 alloy im m ersion solutions.

• The polished d.Sign®30 im m ersion solutions did not elicit a significant 

decrease (P=0.4740) in the levels o f  reduced GSH com pared w ith the untreated 

control oral m ucosal m odel follow ing indirect exposure.
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8.2.6 Comparative Analyses: Direct versus Indirect Exposure

The cellular responses o f the oral mucosal models following direct exposure to the 

dental casting alloys or indirect exposure to the alloy immersion solutions were 

compared statistically to investigate the effect o f exposure method on the cell viability 

measurements, the expression o f inflammatory cytokines, cellular toxicity analysis 

and oxidative stress responses.

Cell Viability

Pooling o f the cell viability measurements following direct exposure to the dental 

casting alloys or indirect exposure to the alloy immersion solutions highlighted direct 

exposure o f the alloys significantly decreased (P<0.0001) the cell viability 

measurements compared with indirect exposure when a student’s t-test was performed 

(Table 8.2.28). Individual student’s t-test’s performed for the d.Sign®10 (P<0.0001), 

d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001) dental casting alloys also identified 

significant decreases in cell viability measurements following direct exposure to the 

alloys compared with indirect exposure to the alloy immersion solutions. These 

analyses are available in the Appendices.

Oiie'SariH>ie Statistics

N Mean Std, Deviation
Std. Error 

Mean
CelM ability 180 51.2358 24.54117 1.63919

Otie-SAiii|>le Test

T e s tV a lu0 = 0

t df SIg. (2-talled)
Mean

Difference

95%  Confidence 
interval of the 

Difference
Lov̂ ffer U pper

CelM abjliV 28 010 179 .000 51 23578 47.6262 54,8453

Table 8.2.28 A student’s t-test comparison o f  the pooled cell viability measurements 

following direct exposure to the d.Sign®10, d.Sign®15 and d.Sign®30 dental casting 

alloys or indirect exposure to the alloy immersion solutions.
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Expression o f Inflammatory Cytokines 

IL - la

The expression leyels o f IL - la  inflammatory cytokine were pooled following direct 

exposure o f  the oral mucosal models to the dental casting alloys or indirect exposure 

to the alloy immersion solutions and compared using a student’s t-test analysis, which 

showed a significant increase (P<0.0001) in the expression levels o f IL -la  

inflammatory cytokine was evident following direct exposure compared with indirect 

exposure (Table 8.2.29). Individual student’s t-tests were performed for the d.Sign®10 

(P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001) dental casting alloys 

which highlighted significant increases in IL -la  inflammatory cytokine expression 

following direct exposure to the alloys compared with indirect exposure to the alloy 

immersion solutions and the analyses are available in the Appendices.

Oiie-Sninpie St.itistics

N M ean Std Deviation
Std, Error 

Mean
i L i a 72 592 8461 244.22172 28,78181

Oiie Stiinple Test

T est Value = 0

I df Sig. (2*tailed)
Mean

Difference

95%  Confidence 
Intenffal of the 

Difference
Lower U pper

tL la 20,598 71 000 692 84611 535,4568 650 2354

Table 8.2.29 A student’s t-test comparison o f the pooled IL -la  inflammatory 

cytokine expression following direct exposure to the d.Sign®10, d.Sign®15 and 

d.Sign®30 dental casting alloys or indirect exposure to the alloy immersion solutions.

IL-8

Pooling o f the expression levels o f IL-8 inflammatory cytokine from the oral mucosal 

models following direct exposure to the dental casting alloys or indirect exposure to 

the alloy immersion solutions using a student’s t-test analysis showed a significant 

increase (P<0.0001) in IL-8 inflammatory cytokine expression following direct 

exposure compared with indirect exposure (Table 8.2.30). In addition, the direct 

exposure o f  the oral mucosal models to the d.Sign®10 (P<0.0001), d.Sign®15 

(P<0.0001) and d.Sign®30 (P<0.0001) dental casting alloys elicited significant
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increases in the expression o f IL-8 inflammatory cytokine compared with indirect 

exposure to the alloy immersion solutions as shown in the Appendices.

Orte-Smttple Sti^istics

N Mean Std. Deviation
Std. Error 

M ean
tL8 72 601.6185 270.70656 31 90307

One>SariH)le T est

T est Value = 0

t df Sig (2*tailed)
M ean

Difference

95%  Confidence 
Interval of the 

Difference
Lower Upper

IL6 18.858 71 .000 601.61847 638,0055 665.2314

Table 8.2.30 A student’s t-test comparison o f the pooled lL-8 inflammatory 

cytokine expression following direct exposure to the d.Sign® 10, d.Sign® 15 and 

d.Sign®30 dental casting alloys or indirect exposure to the alloy immersion solutions.

PGE2
The student’s t-test analysis o f the pooled PGE2 inflammatory cytokine expression 

levels elicited from the oral mucosal models following direct exposure to the dental 

casting alloys or indirect exposure to the alloy immersion solutions showed a 

significant increase (?<0.0001) in PGE2 inflammatory cytokine expression was 

evident following direct exposure compared with indirect exposure (Table 8.2.31). 

The d.Sign® 10, d.Sign® 15 and d.Sign®30 dental casting alloys were shown to elicit 

significantly increased levels (P<0.0001, P<0.0001 and P<0.0001, respectively) o f 

PGE2 inflammatory cytokine expression from the oral mucosal models following 

direct exposure to the alloys compared with indirect exposure to the alloy immersion 

solutions as shown using the individual student’s t-test analyses available in the 

Appendices.
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Ofie-Stiinple St<itls1lcs

N Mean Std. Deviation
Std. Error 

Mear^
PGE2 11 244.671 7 116.74684 13.76875

Oiie-S<imple Test

T e s t Value -  0

t df Sig, (2-tailed)
Mean

Difference

95%  Confidence 
Interval of the 

Difference
U jw er U pper

PGE2 17.776 71 .000 244.57167 217.1375 272.0058

Table 8.2.31 A  student’s t-test com parison o f  the pooled  PGE2 inflam m atory  

cytokine expression  fo llow in g  direct exposure to the d.Sign® 10, d.Sign® 15 and 

d.Sign®30 dental casting alloys or indirect exposure to the alloy im m ersion solutions.

TNF-a

The pooled  T N F -a inflam m atory cytokine expression levels elicited  from the oral 

m ucosal m odels fo llow in g  direct exposure to the dental casting alloys or indirect 

exposure to the alloy im m ersion solutions w ere com pared using a student’s t-test 

analysis w hich  highlighted a significant increase (P < 0 .0001) in T N F -a inflam m atory  

cytokine expression  fo llow in g  direct exposure com pared w ith indirect exposure  

(Table 8 .2 .32 ). Individual student’s t-test’s for the dental casting alloys highlighted  

the direct exposure o f  the d.Sign®10 (P < 0 .0001), d.Sign®15 (P < 0 .0001) and 

d.Sign®30 (P < 0 .0001) alloys to the oral m ucosal m odels e licited  significantly  

increased levels o f  T N F -a inflam m atory cytokine expression  com pared w ith indirect 

exposure to the alloy im m ersion solutions. The individual student’s t-test’s are 

available in the A ppendices.

O ne-S ainp ie  S ttitis tlc s

N Mean Std. Deviation
Std. Error 

Mean
TNFa 72 507.2365 280.36612 33.04146

O iie -S ^ n p ie  T est

T est Value = 0

t df Sid. (2-tajled)
Mean

Difference

95% C onfidence 
interval of the  

Difference

Lower U pper
TNFa 15.352 71 000 507.23646 441.3537 573.1193

Table 8 .2 .3 2  A  student’s t-test com parison o f  the pooled  T N F -a inflam m atory  

cytokine expression  fo llow in g  direct exposure to the d.Sign® 10, d.Sign®15 and 

d.Sign®30 dental casting alloys or indirect exposure to the alloy im m ersion solutions.
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Cellular Toxicity

The cellular toxicity levels elicited from the oral mucosal models following direct 

exposure to the dental casting alloys or indirect exposure to the alloy immersion 

solutions were pooled and compared using a student’s t-test analysis which 

highlighted direct exposure elicited significantly increased (P<0.0001) levels of LDH 

release compared with indirect exposure (Table 8.2.33). The individual student’s t-test 

analyses highlighted direct exposure of the d.Sign®10 (P<0.0001), d.Sign®15 

(P=0.0001) and d.Sign®30 (?<0.0001) dental casting alloys elicited significantly 

increased levels of cellular toxicity from the oral mucosal models compared with 

indirect exposure to the alloy immersion solutions and are available in the 

Appendices.

Ofie-SiUiipte Statistics

N Mean Std. Deviation
Std. Error 

Mean
LDH 180 27.7703 28,04160 2.09010

Qi)e-Sdinpie Test

T estV alu e  = 0

1 df Sig. (2-tailed)
Mean

Difference

95%  Confidence 
Internal of the 

Difference
Lower Upper

LDH 13.287 179 .000 27.77028 23 6459 31 8947

Table 8.2.33 A student’s t-test comparison of the pooled cellular toxicity levels 

following direct exposure to the d.Sign®10, d.Sign®15 and d.Sign®30 dental casting 

alloys or indirect exposure to the alloy immersion solutions.

Oxidative Stress Responses

Pooling of the levels of reduced GSH elicited from the oral mucosal models following 

direct exposure to the dental casting alloys or indirect exposure to the alloy immersion 

solutions highlighted a significant decrease (P<0.0001) in the oxidative stress 

responses following direct exposure compared with indirect exposure as shown using 

a student’s t-test analysis (Table 8.2.34). The direct exposure of the d.Sign®10 

(P<0.0001), d.Sign®15 (P<0.0001) and d.Sign®30 (P<0.0001) dental casting alloys to 

the oral mucosal models elicited significantly decreased oxidative stress responses 

compared with indirect exposure of the alloy immersion solutions. The individual 

analyses are available in the Appendices.
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Ofie-Sdtnpte Sfafisttcs

N Mean Std. Deviation
Std. Error 

M ean
O xStress 180 4,1490 1.97504 .14721

0ii6S«itnpie Test

T est Value = 0

1 dr Sig. (2*tailed)
Mean

Difference

96%  Confidence 
Interval of the 

Difference
Lower U pper

O xStress 28.184 179 ,000 4,14902 3.8585 4,4395

Table 8.2.34 A student’s t-test comparison o f the pooled oxidative stress response 

data following direct exposure to the d.Sign® 10, d.Sign® 15 and d.Sign®30 dental 

casting alloys or indirect exposure to the alloy immersion solutions.

8.2.7 Summary

The current section o f the study employed a full-thickness 3D oral mucosal model for 

the comprehensive biocompatibility evaluation o f two commercially available 

polished Ni-based and one Co-Cr alloy immersion solutions using a number o f highly 

discriminatory analyses, histological analysis, cell viability measurements, the 

expression o f  inflammatory cytokines, cellular toxicity analysis and oxidative stress 

responses.

• The polished Ni-based (d.Sign® 10 and d.Sign® 15) alloy immersion solutions 

elicited alterations in the histology o f the oral mucosal models, decreases in cell 

viability, increases in the expression o f the inflammatory cytokines, increases in 

cellular toxicity and decreases in the oxidative stress responses following indirect 

exposure to the immersion solutions for a maximum o f 72 h exposure time compared 

with the control oral mucosal models.

• The polished d.Sign® 15 immersion solutions elicited significantly increased 

levels o f physical and cellular damage to the 3D oral mucosal model structure 

compared with the polished d.Sign® 10 immersion solutions, indicative o f an enhanced 

loss o f biocompatibility.
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• The findings of the investigation into the pohshed Co-Cr (d.Sign®30) alloy 

immersion solutions indicated a satisfactory level of biocompatibility when 

investigating cell morphology, the expression of inflammatory cytokines and the 

oxidative stress responses of the oral mucosal models. However, the polished 

d.Sign®30 immersion solutions decreased cell viability measurements and increased 

cellular toxicity levels.

• Comparisons of the cellular responses (cell viability measurements, the 

expression of inflammatory cytokines, cellular toxicity analysis and oxidative stress 

responses (Section 8.2.6)) of the oral mucosal model following direct exposure to the 

dental casting alloys were determined to be significantly decreased (P<0.0001) 

compared with indirect exposure to the alloy immersion solutions.
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CHAPTER 9 DISCUSSION: 3D ORAL MUCOSAL MODELS

The ideal ‘oral mucosal equivalent’ should resemble the complex 3D structure of 

native human oral mucosal tissue comprising a lamina propria-a scaffold o f gingival 

fibroblasts producing extracellular matrix, a basement membrane-separating the 

lamina propria and epithelial tissue, and epithelial tissue (Black et a i ,  2005). The 

similarity o f ‘oral mucosal equivalents’ to native human oral mucosal tissue affords 

an increased opportunity for in vitro biocompatibility evaluation compared with 2D 

cell monolayer structures. ‘Oral mucosal equivalents’ possess the ability to investigate 

multiple parameters simultaneously which M oharamzadeh et al. (2007) identified 

‘would be particularly valuable in the testing o f  responses o f  different biom aterials’ 

and potentially could reduce the need for animal testing (Krejci et ah, 1991). The 

current study used a modification o f the ‘oral mucosal equivalent’ developed by 

Moharamzadeh et al. (2008b) which involved the replacement o f the immortal cell 

line (TR146 oral keratinocytes) with primary oral keratinocytes, thereby creating an 

exclusive primary cell based tissue when integrated into the Alloderm™ structure. The 

utilisation o f Alloderm^"* GBR as the scaffold in combination with the primar>' oral 

keratinocytes and gingival fibroblasts enhances the clinical relevance o f the structure 

termed the ‘oral mucosal m odel’. Alloderm™ GBR is a non-immunogenic acellular 

human cadaveric dermis comprised o f a basal lamina suitable for the attachment and 

growth o f keratinocytes and a lamina propria suitable for the infiltration and growth 

o f fibroblasts (Izumi et al., 1999). Alloderm™ GBR displays low antigenicity with 

excellent durability during function due to the retention o f  structural properties 

(Ghosh e t a l ,  1997).

The aim o f the current study was to determine the biocompatibility potential o f dental 

casting alloys following direct exposure to the non-precious dental casting alloys or 

following indirect exposure to the non-precious alloy immersion solutions to a 3D 

human-derived, full-thickness, differentiated oral mucosal model. The primary cell 

based oral mucosal model permitted multiple responses to the dental casting alloys to 

be determined simultaneously with ‘real-tim e’ assessment capabilities that supported 

the clinical relevance. The ‘real-tim e’ capabilities for the primary cell based oral 

mucosal model were facilitated by histological analysis following direct and indirect 

exposure to the dental casting alloys. Additionally, the biocompatibility potential was
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assessed using cell viability measurements, the expression of inflammatory cytokines, 

cellular toxicity analysis and oxidative stress responses to direct and indirect exposure 

to the dental casting alloys investigated.

Histological Analysis

The histological analysis of the untreated control oral mucosal model following 10 

days of growth under normal incubation conditions (Figure 8.1.1a) showed the 

epithelial and connective tissue layers had thickened due to the infiltration and growth 

of the oral keratinocytes and gingival fibroblasts throughout the Alloderm™ GBR 

scaffold. A defined boundary was visible which separated the epithelial and 

connective tissue layers (Figure 8.1.1a). Alloderm™ scaffolds have been shown 

previously to possess excellent durability and function up to 28 days post-oral grafting 

in vivo (Izumi et al., 2003). Additionally Alloderm™ scaffolds can exist for 14 days in 

vitro due to the retention of structural properties such as an intact basement membrane 

which support the attachment and growth of oral keratinocytes (Izumi et al., 2003; 

Ghosh et al., 1997) and open blood vessel channels which facilitate the infiltration 

and growth of gingival fibroblasts (Ghosh et al., 1997). Therefore, it is possible under 

normal incubation conditions that the oral mucosal model may have existed for an 

extended time period above the 11 day growth duration currently investigated. The 

oral mucosal model was therefore deemed to be ‘viable’ due to the presence of the 

defined epithelial and connective tissue layers in the Alloderm™ GBR scaffold. 

Additionally, no significant decrease (P=0.5561) in the metabolic activity of the oral 

mucosal model was observed for the duration (72 h) of the cell viability measurement 

analyses which was manifest as a positive slope o f the regression analysis, indicative 

of an active metabolic and prolific oral mucosal model (Figure 8.1.3). Therefore, the 

oral mucosal model was deemed to be ‘alive’, at least in metabolic terms to a 

minimum of the eleventh day of survival. Consequently, the histological structure of 

the viable untreated control oral mucosal model resembled the native human oral 

mucosa and was therefore employed as a test model for the biocompatibility 

evaluation of non-precious dental casting alloys.
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9.1 Exposure to the Dental Casting Alloys

Histology

Direct and Indirect Exposure

Following direct exposure o f the oral mucosal models to the Ni-based dental casting 

alloys and indirect exposure to the alloy immersion solutions over 72 h, critical losses 

o f cellular thickness and compactness o f the epithelial and connective tissue layers 

were evident. In addition, vacuolisation o f the connective tissue was shown following 

direct exposure to the Ni-based dental casting alloys (d.Sign®10 (Figure 8.1.1b) and 

d.Sign® 15 (Figure 8.1.1c)) and indirect exposure to the alloy immersion solutions 

(d.Sign®10 (Figure 8.2.1b) and d.Sign®15 (Figure 8.2.1c)) compared with the 

untreated control oral mucosal model (Figure 8-1.1 a). The critical losses o f cellular 

thickness and compactness o f the epithelial and connective tissue layers observed 

following direct exposure to the Ni-based dental casting alloys and alloy immersion 

solutions was suggestive o f cell death (Moharamzadeh et al., 2007). Oral 

keratinocytes in the basal layer o f the oral mucosal model are primarily present to 

create an effective barrier against environmental damage such as chemicals, 

m icroorganisms, heat, UV radiation and to prevent water loss (Berger and Dirk, 2005; 

M cGrath et al., 2004). However, the loss o f cellular thickness and compactness o f the 

epithelial and connective tissue layers highlighted the critical loss o f function induced 

by the metal ion leachates released by the Ni-based dental casting alloys and alloy 

immersion solutions. The presence o f vacuolisation in the connective tissue following 

direct exposure to the Ni-based dental casting alloys and indirect exposure to the alloy 

immersion solutions indicated that widespread formation o f vacuoles within and 

adjacent to the gingival fibroblasts had occurred. Vacuoles are normally small 

enclosed compartments containing water with organic and inorganic molecules 

(Reggiori, 2006). However, the vacuole dimension can be increased due to the 

presence o f  remnants o f cellular debris due to extensive localised damage (Reggiori, 

2006) as observed in the oral mucosal models following direct exposure to the Ni- 

based dental casting alloys and indirect exposure to the alloy immersion solutions 

(Figure 8.1.1b,c and 8.2.lb,c, respectively). Such vacuoles have no defined shape or 

size with the structure being dependant on the individual tissue type (Reggiori, 2006). 

Therefore, the loss o f cellular thickness and compactness o f the epithelial and 

connective tissue layers in association with extensive vacuolisation o f the connective
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tissue o f the oral mucosal model is suggestive o f an irreparable loss o f cellular 

function, induced by the metal ion leachates from the Ni-based dental casting alloys. 

No adverse morphological alterations o f the epithelial and connective tissue layers 

were highlighted following direct exposure o f the oral mucosal model to the Co-Cr 

(d.Sign®30) (Figure 8.1.Id) dental casting alloys or indirect exposure to the Co-Cr 

alloy immersion solutions (Figure 8.2.Id) over 72 h, with the morphological 

appearance deemed to be identical to the untreated control oral mucosal model. No 

loss o f cellular compactness was observed, with the thickness o f the epithelial and the 

connective tissue layers o f the oral mucosal model maintained and the boundary layer 

between the epithelial and connective tissue layers was present and intact (Figures 

8.1.Id  and 8.2.Id). Therefore, the d.Sign®30 dental casting alloy and the associated 

alloy immersion solutions did not induce visual morphological alterations to the oral 

mucosal model. As Co-Cr dental casting alloys have been advocated for clinical use 

due to the alloys’ mechanical properties (Reclaru et al., 2005; Matkovic et al., 2004) 

the alloy appears to be a suitable alternative to the Ni-based dental casting alloys 

investigated as determined following direct and indirect exposure to the oral mucosal 

model. The Co-Cr dental casting alloy was previously shown (Table 4.2.37) to release 

increased levels o f chromium, iron and copper into immersion solutions over the 14 

day immersion duration. However, as the levels o f chromium detected were almost 

two-fold higher than the highest level o f chromium released by the Ni-based dental 

casting alloys (at 14 day immersion duration), it is unlikely that the chromium ion 

elicited any adverse morphological effects on the oral mucosal models. However, 

whilst the Co-Cr dental casting alloy tested did not elicit a significant biological 

interaction the pattern o f biological behaviour observed will vary depending upon the 

type o f  Co-Cr alloy used, namely the elemental composition and makeup.

Comparative Analysis

A comparison o f the d.Sign®10 (Figure 8.1.1b) and d.Sign®15 (Figure 8.1.1c) dental 

casting alloy-treated oral mucosal models highlighted the d.Sign® 15 alloy induced a 

higher level o f morphological damage compared with the d. Sign® 10 alloy at 72 h. The 

morphological analysis was manifest as increased vacuolisation o f the cormective 

tissue layer following direct exposure to the d.Sign®15 dental casting alloy (Figure 

8.1.1c) and the presence o f  comprehensively vacuolised connective tissue in the oral 

mucosal model was suggestive o f a critical loss o f function as the vacuoles were
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comprised o f remnants o f cellular debris due to extensive localised damage (Reggiori, 

2006). The enhanced level o f morphological damage elicited following direct 

exposure o f the oral mucosal model to the d.Sign® 15 (Figure 8.1.1c) dental casting 

alloy was in agreement with the findings o f  the ICP-MS analysis (Table 4.2.37) which 

noted increased levels o f nickel, chromium, iron and copper for the d.Sign® 15 alloy 

compared with the d.Sign®10 alloy. However, it is postulated by the author that the 

level o f morphological damage inflicted on the oral mucosal models following direct 

exposure to the d.Sign® 15 dental casting alloy was a result o f the combined action o f 

the metal ion leachates rather than individual metal ions. The metal ion leachates were 

likely to have permeated the epithelial tissue layer o f the oral mucosal model, 

damaged the metabolically active and viable oral keratinocytes, to a minimum o f the 

basal lamina layer o f the oral mucosal model. It is likely that the metal ion leachates 

diffused further through the basal lamina layer to the extracellular matrix o f the 

connective tissue layer. It is postulated that the metal ion leachates from the Ni-based 

(d.Sign® 10 and d.Sign® 15) dental casting alloys elicited the catastrophic and 

irreparable loss o f cell viability observed in the H&E stained tissue sections (Figures 

8.1.1b,c, respectively) compared with the untreated control oral mucosal model 

(Figure 8.1.1.a). Following indirect exposure o f  the oral mucosal model to the Co-Cr 

alloy immersion solutions for 72 h, no visual difference in the adverse morphological 

alterations o f the oral mucosal model induced by the d.Sign®10 (Figure 8.2.1b) and 

d.Sign® 15 (Figure 8.2.1c) immersion solutions were evident. However, the statement 

is made with the limitations o f  the histological technique and analysis. Cellular 

viability measurements, the expression o f inflammatory cytokines, cellular toxicity 

analysis and oxidative stress responses o f the oral mucosal model following direct or 

indirect exposure to the Ni-based and Co-Cr dental casting alloys were performed to 

obtain an indication o f the biocompatibility o f  a 3D full-thickness, human-derived 

oral mucosal model to the non-precious dental casting alloys examined.

Cell Viabilitv

Cell viability studies on oral mucosal equivalents in the dental literature employed 

TR146 oral keratinocytes to determine the cell viability measurements o f RBCs 

(M oharamazdeh et a i ,  2008b) and oral care products (Klausner et a l ,  2007). 

M oharamazdeh et al. (2008b) employed an alamar blue dye assay whilst Klausner et 

al. (2007) used a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
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(MTT) assay to establish the cell viability. The significant advantage o f the alama- 

blue dye assay methodological approach was that several cell viability measuremert 

assays could be performed simultaneously without compromising the integrity o f th; 

oral mucosal equivalents, unlike the toxic MTT (Klausner et al., 2007) or the XTF 

reduction assay employed by the author for the 2D cell monolayer structures and wes 

employed to determine the cell viability o f  the entire oral mucosal model. Therefore, 

the alamar blue dye assay enabled a multiple experimental parameter approach to te 

undertaken whilst maintaining the viability o f the tissue engineered oral mucosil 

models. Alamar blue is a sensitive oxidation-reduction indicator that fluoresces ard 

changes colour upon reduction by living cells (O ’Brien et al., 2000). The reduction of 

alamar blue is believed to be mediated by mitochondrial enzymes (Hamid et at., 

2004). The principle o f the alamar blue dye assay was the absorption o f tritiated 

thymidine into the mitochondria o f metabolically active eukaryotic cells ard 

therefore, was indicative o f active cell viability (Gloeckner et al., 2001; Nakayama it 

al., 1997). The oral mucosal model underwent seven days o f normal incubation 

conditions prior to the instigation o f the cell viability measurement analyses. As to  

significant decrease (P=0.5561) was observed in the cellular viability measurements 

o f the untreated oral mucosal model following 2 to 72 h incubation, the oral mucosal 

model was deemed to be ‘alive’ in metabolic terms (Figure 8.1.3) until at least the 

eleventh day o f existence. This was in agreement with the findings o f the histological 

analysis which showed that the untreated control oral mucosal model (Figure 8.1.1a) 

morphologically and structurally resembled native human oral mucosal tissue at 14 

days growth under normal incubation conditions.

Direct Exposure

The Ni-based and Co-Cr dental casting alloys elicited significantly lower levels 

(P<0.0001) in the cell viability measurements for the oral mucosal model compared 

with the untreated control oral mucosal model (Figure 8.1.2 and Table 8.1.3). The 

decrease in cell viability observed at the initial 2 h exposure indicated that an 

immediate response was elicited by the oral mucosal model (Figure 8.1.2). Significant 

decreases in the cell viability measurements were proposed to result from the metal 

ions leaching from the dental casting alloys investigated which permeated the 

epithelial tissue layer o f the oral mucosal model to the basal lamina layer, followed by 

subsequent diffusion to the extracellular matrix o f the connective tissue layer. The
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alamar blue dye assay can be interpreted as an indicator o f the integrity o f the barrier 

function in the epithelial tissue layer o f the oral mucosal model (Gloeckner et al., 

2001; Nakayama et al., 1997). The ability o f the metal ion leachates from the alloy 

immersion solutions to permeate throughout the oral mucosal model correlated well 

with the histological analysis o f the Ni-based (d.Sign® 10 (Figure 8.1.1b) and 

d.Sign® 15 (Figure 8.1.1c)) dental casting alloy-treated oral mucosal models in that 

critical loss o f cellular compactness and thickness o f the epithelial and the connective 

tissue layers o f the oral mucosal models evident. The cell viability measurements 

determined for the d.Sign® 15 dental casting alloy showed significantly decreased 

(P<0.0001) cell viability measurements compared with the d.Sign® 10 dental casting 

alloy, which was again in agreement with the findings o f the histological analyses. 

The d.Sign®15 dental casting alloy (Figure 8.1.1c) induced a higher level of 

morphological damage compared with the polished d.Sign® 10 dental casting alloy 

(Figure 8.1.1b) at 72 h exposure manifest as comprehensive vacuolisation o f the 

connective tissue layer. In addition, it was shown previously using ICP-MS (Table 

4.2.37) that increased levels o f metal ion leachates were detected in the d.Sign® 15 

immersion solution compared with the d.Sign® 10 immersion solutions. The cell 

viability measurements emphasise the beneficial and sensitive nature o f  the oral 

mucosal model engineered by the author to produce the multiple experimental 

parameter approach undertaken in the current study.

Indirect Exposure

The Ni-based alloy immersion solutions elicited significant decreases (P<0.0200) in 

the cell viability measurements for the oral mucosal model when compared with the 

untreated control oral mucosal model (Table 8.2.5). Such a finding was likely to result 

from metal ion leachates from the Ni-based alloy immersion solutions, which diffused 

through the epithelial tissue layer o f the oral mucosal model followed by subsequent 

dissemination throughout the basal lamina layer to the connective tissue layer o f the 

oral mucosal model. The morphological damage inflicted on the oral mucosal models 

by the metal ions was proposed to be indicative o f  a loss o f cell viability, as shown by 

the loss o f thickness and compactness o f the epithelial and connective tissue layers in 

association with vacuolisation o f the connective tissue layer (Figures 8.1.2b,c). The 

high levels o f cell viability loss observed following indirect exposure to the Ni-based 

alloy immersion solutions were in line with the findings o f the ICP-MS analysis
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(Table 4.2.37) in that high levels of metal ions were evident. In addition, the 

d.Sign® 15 immersion solutions elicited a significant decrease (P=0.0090) in the cell 

viability measurements following indirect exposure to the oral mucosal model 

compared with the polished d.Sign® 10 immersion solutions. While the cell viability 

measurements were significantly decreased following indirect exposure o f the 

d.Sign® 15 immersion solutions to the oral mucosal model compared with d.Sign®10, 

it was not possible to visually discern alterations between the morphological 

observations in the H&E stained sections (Figure 8.2.lb,c). Consideration was also 

given to the Co-Cr (d.Sign®30) alloy immersion solutions which did not significantly 

decrease (P>0.0782) the cell viability measurements of the oral mucosal model after 

1, 5 and 9 day exposure time. However, the 14 day alloy immersion solution for the 

d.Sign®30 alloy did elicit a significant decrease (P=0.0188) in the cell viability 

measurements which may be attributable to the increased levels of metal ion leachates 

previously detennined by ICP-MS analysis (Table 4.2.37). The elevated sensitivity of 

the oral mucosal model to the metal ion leachates in the 14 day d.Sign®30 immersion 

solution may suggest a threshold level for the metal ion leachates which may require 

further investigation.

Comparative Analysis

A comparison of the cell viability measurements following direct exposure to the 

dental casting alloys or indirect exposure to the alloy immersion solutions highlighted 

direct exposure significantly decreased (P<0.0001) the cell viability measurements 

compared with indirect exposure. Therefore, it can be proposed that an enhanced loss 

of cell viability may be observed in vivo following direct exposure of the buccal 

and/or gingival tissues to Ni-based non-precious dental casting alloys and highlights 

the beneficial and sensitive nature of the oral mucosal model employed. Such a 

finding highlights the need for a comprehensive understanding of the complexities of 

the oral mucosal tissue in vivo when placed in contact or in the vicinity of non

precious dental casting alloys and the subsequent biological responses.

The loss of cell viability observed from the oral mucosal model following direct 

exposure to the Ni-based and Co-Cr dental casting alloys and indirect exposure to the 

Ni-based alloy immersion solutions highlighted the likelihood of the intracellular 

generation of reactive oxygen species (ROS) in response to the presence of the metal
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ion leachates eliciting a state o f oxidative stress. An increase in the levels o f ROS 

present in the oral mucosal model could potentially result in the interference with 

normal detoxification processes (Maiese et al., 2010; Trombetta et al., 2005) o f the 

cells in response to damage induced by the metal ion leachates from the dental casting 

alloys. Therefore, the oxidative stress responses o f the oral mucosal model following 

direct exposure to the dental casting alloys and indirect exposure to the alloy 

immersion solutions were investigated further by measuring the levels o f an 

intracellular anti-oxidant, reduced glutathione (GSH).

Oxidative stress

Investigations into the oxidative stress responses o f oral mucosal equivalents to non

precious dental casting alloys have not been previously reported in the dental 

literature. The release o f reactive oxygen species consisting o f oxygen free radicals 

results in the development o f oxidative stress (Maiese et al., 2010). The oxygen free 

radicals can be generated in elevated quantities during the intracellular reduction o f 

oxygen and result in cell injury and cell death. Reactive oxygen species are produced 

at low levels during normal cellular physiological conditions and are regularly 

scavenged by major endogenous antioxidants such as glutathione (GSH) (Chong et 

al., 2005). An increase o f reactive oxygen species induces a state o f oxidative stress 

which has the outcome o f multiple cell type destruction by the apoptotic cell pathway 

(Maiese et al., 2010). The generation o f  reactive oxygen species in human cells has 

been identified using reduced glutathione to be an indicator o f oxidative stress 

(Demirci et al., 2008; Leonard et al., 2004). Dental RBC monomers were shown to be 

inducers o f oxidative stress by decreasing the levels o f reduced GSH in both 

fibroblasts and pulp cells (Lee et al., 2006). Trombetta et al. (2005) identified nickel 

chloride to be an inducer o f oxidative stress by decreasing the levels o f  reduced GSH 

present in a 2D TR146 oral keratinocyte cell monolayer structures. The untreated 

control oral mucosal model did not elicit a significant decrease (P=0.2590) in the 

levels o f  reduced GSH for the duration o f the oxidative stress analysis (2-72 h) which 

indicated that generation o f reactive oxygen species was not occurring in the oral 

mucosal model, highlighting the absence o f oxidative stress (Figure 8.1.11). The H&E 

stained section o f untreated control oral mucosal model (Figure 8.1.2a) showed 

cellular compactness and cellular thicknesses o f the epithelial and connective tissue 

layers and in association with the boundary separating the tissue layers intact which
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are thought to be indicative of a metabolically and physiologically functioning oral 

mucosal model.

Direct and Indirect Exposure

Direct exposure to the Ni-based dental casting alloys and indirect exposure of the Ni- 

based alloy immersion solutions to the oral mucosal models elicited significant 

decreases (P<0.0030 and P<0.0001, respectively) in the levels of reduced GSH 

compared with the untreated control oral mucosal models (Tables 8.1.21 and 8.2.27, 

respectively). The levels o f reduced GSH present in the alloy-treated oral mucosal 

model were therefore indicative of the generation of reactive oxygen species 

culminating in a state of oxidative stress. The levels of reduced GSH were analysed 

using only the incubation media of the oral mucosal model and were therefore not 

functionally detrimental to the oral mucosal model. Significant decreases (P=0.0230 

(Table 8.1.21) and P<0.0001 (Table 8.2.27)) in the levels of reduced GSH were 

observed in the oral mucosal models following direct exposure and indirect exposure, 

respectively, to d.Sign®15 compared Vv'ith the d.Sign®10 dental casting alloy. The 

increased level of metal ion leachates released by the d.Sign® 15 dental casting alloy 

were proposed to permeate through the epithelial tissue layer o f the oral mucosal 

model through to the connective tissue layer causing the generation of reactive 

oxygen species throughout the oral mucosal model manifest as the decreased levels of 

reduced GSH. This was confirmed by the histological analysis of the oral mucosal 

models following direct exposure to the d.Sign®10 (Figures 8.1.1b) and the d.Sign®15 

(Figure 8.1.1c) dental casting alloys and following indirect exposure to the d.Sign® 10 

(Figures 8.2.1b) and the d.Sign®15 (Figure 8.2.1c) alloy immersion solutions. The 

histological analyses highlighted a loss of cellular compactness and a reduction in cell 

thickness of the epithelial and the connective tissue layers and the absence o f a 

boundary layer between the epithelial and connective tissue layers and further 

confirmed the oxidative stress findings. According to Vlahopoulos et al. (1999), IL-8 

inflammatory cytokine expression is increased in tissues in vivo where reactive 

oxygen species are evident. In line with the significant increases in IL-8 inflammatory 

cytokine expression observed following direct exposure of the oral mucosal model to 

the Ni-based dental casting alloys compared with the untreated control oral mucosal 

model, it is proposed that the significant decreases of reduced GSH levels observed
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w as highly suggestive o f oxidative stress occurring in the epithelial and connective 

tissue layers o f the oral mucosal model.

N o  significant decrease in the level o f reduced GSH present in the oral mucosal 

m odels was evident following direct exposure (P=0.7280) to the polished d.Sign®30 

dental casting alloy or following indirect exposure (P>0.4755) to the alloy immersion 

solutions compared with the untreated control oral mucosal model which indicated 

that the generation o f  reactive oxygen species was absent. No visual distinction in the 

H&E stained section o f untreated control oral mucosal model (Figure 8.1.1a) and the 

oral mucosal model following direct exposure to the polished d.Sign®30 dental 

casting alloy (Figure 8.1.Id) or indirect exposure to the Co-Cr alloy immersion 

solution (Figure 8 .2 .Id) were evident. The H&E stained tissue sections highlighted 

cellular compactness, a thicknesses o f the epithelial and connective tissue and the 

boundary layer separating the epithelial and connective tissue layers. The 

morphological features highlighted were indicative o f an oral mucosal model 

metabolically and physiologically functioning normally.

Comparative Analysis

A significant decrease (P<0.0001) in the oxidative stress responses following direct 

exposure o f  the oral mucosal models to the non-precious dental casting alloys was 

shown when compared with indirect exposure to the non-precious alloy immersion 

solutions. It is evident that direct exposure o f the dental casting alloys was capable o f 

significantly increasing the levels o f reactive oxygen species present in the oral 

mucosal model, thereby inducing the enhanced state o f oxidative stress observed. 

Therefore, the non-precious dental casting alloys are suggested to elicit the in vivo 

production o f  reactive oxygen species in the buccal and/or gingival tissues, inducing a 

state o f oxidative stress resulting in multiple cell type destruction by the apoptotic cell 

pathway (Maiese et al., 2010).

Expression o f  Inflammatory Cytokines

Studies investigating the inducement o f inflammatory cytokine expression in response 

to dental materials have focused mainly on the responses o f  2D cell monolayer 

structures such as oral keratinocytes (Curtis et al., 2007; Trombetta et al,. 2005; 

Schmalz et al., 2000) or gingival fibroblasts (Palmqvist et al., 2008; Turner et al..
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2007; Ozen et al., 2005). Only the study by Moharamazdeh et al. (2008b) has 

investigated the capacity of RBCs to induce inflammatory cytokine (IL -lp ) 

expression in an oral mucosal equivalent. Accordingly, no study has investigated the 

potential o f non-precious dental casting alloys to act as a stimulus for an 

immunological response by inflammatory cytokine expression in the oral mucosal 

model, which the author believes to be more representative o f the complex 3D 

structure of native human oral mucosal tissue. The expression of IL -la , IL-8, PGE2 

and TNF-a inflammatory cytokines from the oral mucosal model following direct and 

indirect exposure to the non-precious dental casting alloys were investigated using 

sandwich ELlSAs. The advantage of the sandwich ELISA mode of analysis was that 

the incubation media from the oral mucosal models could be examined for 

inflammatory cytokine expression without eliciting detrimental effects to the 

metabolic and physiological state o f the oral mucosal models. Expression o f the 

specific inflammatory cytokines investigated (IL-la, IL-8, PGE2 and TNF-a) is 

suggested to be typical of a type IV hypersensitivity immunological response induced 

by nickel in vivo (Schmidt et al., 2010) which can be exacerbated in nickel sensitive 

individuals which represents one in five female and one in twenty male patients 

(Noble et al., 2008).

Schmidt et al. (2010) highlighted the link between the onset of nickel hypersensitivity 

in humans and the role of the surface membrane bound Toll-like receptor 4 (TLR4) 

proteins. During the secondary phase of nickel hypersensitivity in vivo (Section 1.0), 

the proinflammatory response is elicited by the cells. The immune response elicited 

by the epithelial cells to nickel ions stimulates the production o f TLR4-associated 

inflammator>' cytokines IL -la , IL-8, PGEia and TNF-a and other immune molecules 

including activated macrophages (MC>) and phagocytes (Grabbe and Schwarz, 2002). 

The initiation of the proinflammatory response by Nî "̂  ions is thought to result from 

signals on pattern recognition receptors (PRRs) of which the TLR family are the most 

widely studied (Schmidt et al., 2010). The function of TLRs is to identify microbial 

microorganisms and endogenous ligands (nickel ions in the case of nickel 

hypersensitivity) and signal for the initiation of the proinflammatory response. 

Schmidt et al. (2010) showed for the first time in the dental literature the function of 

TLR4 by binding to two non-conserved histidines, H456 and H458, Nî "̂  ions cross- 

linked the two surface receptor monomers, TLR4 and Major Distone 2 (MD2). The
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cross-linking activated the formation o f a dimer molecule structurally resembling the 

dimer induced by the known pro-inflammatory inducer molecule, lipopolysaccharide, 

and consequently, the proinflammatory response was initiated (Schmidt et ah, 2010). 

It is postulated that the TLR4 proteins known to be present on the surface on the 

surface o f the primary oral keratinocytes in the oral mucosal models elicited the 

proinflammatory response observed following the direct exposure o f the Ni-based 

dental casting alloys and indirect exposure o f  the Ni-based alloy immersion solutions.

IL - la

The IL - la  inflammatory cytokine is responsible for the activation o f  the 

inflammatory response in epithelial tissue and when present is indicative o f cellular 

damage (Curtis et al., 2007). The IL - la  inflammatory cytokine, when expressed in 

vivo is an inducer o f fibroblast proliferation for the purpose o f wound healing, 

however, this is not normally observed in vitro (Yamamoto et al., 1998).

Direct Exposure

The expression o f IL - la  inflammatory cytokine was significantly increased by the 

oral mucosal models following direct exposure to the Ni-based (d.Sign® 10 

(P<0.0001) and d.Sign®15 (P<0.0001)) and Co-Cr (d.Sign®30 (P=0.0190)) dental 

casting alloys when compared with the untreated control oral mucosal model (Table 

8.1.6). The low level o f  IL - la  inflammatory cytokine expressed by the untreated 

control oral mucosal model (Figure 8.1.4) may suggest that primary oral keratinocytes 

and gingival fibroblasts, removed from the native human oral mucosa and employed 

in the tissue-engineering methodological approach adopted for the oral mucosal 

models may undergo stress and elicit a low level immune response as observed in the 

current study (Figure 8.1.4). The capacity o f the Ni-based and Co-Cr dental casting 

alloys to elicit the expression o f IL - la  infiammatory cytokine from the oral mucosal 

models suggests the metal ion leachates stimulated the significant immunological 

response. The box plot analysis (Figure 8.1.4) identified the d.Sign® 15 dental casting 

alloys elicited increased IL - la  inflammatory cytokine expression from the oral 

mucosal models compared with the d.Sign® 10 dental casting alloys. This finding is in 

agreement with the histological analysis whereby a higher level o f morphological 

damage manifest as a loss o f cellular thickness, a reduction in tissue layer
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compactness and increased vacuolisation of the connective tissue layer were evident 

when compared with the d.Sign® 10 dental casting alloy at 72 h exposure (Figure 

8.1.1b,c).

Indirect Exposure

The expression of IL -la  inflammatory cytokine from the oral mucosal model in 

response to the Ni-based and Co-Cr alloy immersion solutions was significant for 

levels by the Ni-based alloy immersion solutions (P<0.0001), but not by the Co-Cr 

alloy immersion solutions (P<0.9370) (Table 8.2.8). This finding suggests that the 

Co-Cr alloy immersion solutions were less likely to induce an inflammatory response 

in vivo compared with the polished Ni-based alloy immersion solutions. Co-Cr dental 

casting alloys have been advocated by the dental literature for use in dentistry due to 

the high corrosion resistance potential (Reclaru et al., 2005; Dong et al., 2003; Lucas 

et a l,  1991). Therefore, the expression levels of the inflammatory cytokines 

expressed by the oral mucosal models following indirect exposure to the Ni-based 

alloy immersion solutions are indicative o f a significant immune response and 

indicate a clinically important manifestation of an in vitro response to Ni-based dental 

casting alloy. The d.Sign® 15 immersion solutions were shown to elicit significantly 

increased (P<0.0001) inflammatory cytokine expression levels following indirect 

exposure to the oral mucosal models compared with the polished d.Sign® 10 

immersion solutions (Table 8.2.8) which was in line with the findings o f the ICP-MS 

analysis (Table 4.2.37) although no visual difference was evident in the H&E stained 

tissue sections. These resuhs highlighted the benefit of using a multiple analyses 

methodological approach in determine the biocompatibility potential of the non

precious alloy immersion solutions.

Comparative Analysis

A comparison of the level of IL -la  inflammatory cytokine expression following direct 

exposure of the oral mucosal models to the dental casting alloys or indirect exposure 

to the alloy immersion solutions highlighted a significant increase (P<0.0001) in the 

expression levels of the IL -la  inflammatory cytokine occurred following direct 

exposure compared with indirect exposure. Therefore, it is suggested that direct 

exposure of the dental casting alloys elicited a more intense immune response from 

the oral mucosal models compared with indirect exposure of the alloy immersion
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solutions. Additionally, the levels o f IL -la  inflammatory cytokine expression 

observed were indicative o f the cellular damage in accordance with the findings of 

Curtis et al. (2007) and the histological analyses in the current study.

IL-8

The IL-8 inflammatory cytokine is expressed many eukaryotic cells including oral 

keratinocytes (Trombetta et al,. 2005; Schmalz et al., 2000; Vlahopoulos et al., 1999) 

to the site o f  cellular injury as part o f the innate immunity response (Schmalz et al., 

2000). The expression o f  IL-8 inflammatory cytokine is elevated at sites where 

oxidative stress is occurring (Vlahopoulos et al., 1999). Conversely, as IL-8 

inflammatory cytokine expression recruits macrophages to the site o f cellular injury, it 

induces further increases in oxidative stress mediators, making it a key parameter in 

localised inflammation (Vlahopoulos et al., 1999). Consequently, IL-8 inflammatory 

cytokine expression was an important immunological molecule in the assessment of 

the influence o f  the non-precious dental casting alloys to the oral mucosal model.

Direct Exposure

Direct exposure o f the polished Ni-based and Co-Cr dental casting alloys to the oral 

mucosal models induced significantly increased (P<0.0001 and P<0.0001, 

respectively) levels o f expression o f IL-8 inflammatory cytokine compared with the 

untreated control oral mucosal model (Table 8.1.9) which suggested the 

com mencement o f  the innate immunity response (Trombetta et al., 2005; Schmalz et 

al., 2000) by the oral mucosal models. Therefore, the innate immune response can be 

interpreted as being indicative o f chemotaxis occurring whereby the epithelial cells 

convey distress signals to the immune system by way o f the inducement o f specific 

immunological molecules such as monocytes, macrophages and polymorphonuclear 

neutrophils to the site o f damage (Schmalz et al,. 2000). The d.Sign® 15 dental casting 

alloys elicited significantly increased (P=0.0120) levels o f IL-8 inflammatory 

cytokine compared with the polished d.Sign® 10 alloys (Table 8.1.9), which was in 

agreement with the findings o f  the histological analyses in that d.Sign® 15 alloy 

(Figure 8.1.1c) induced a higher level o f morphological damage to the oral mucosal 

model compared with the d.Sign®10 alloy (Figure 8.1.1b) manifest as considerable 

vacuolisation o f  connective tissue layers.
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Indirect Exposure

The indirect exposure o f the Ni-based alloy immersion solutions were shown (Table 

8.2.10) to eUcit significant increases (P<0.0001) in IL-8 inflammatory cytokine 

expression from the oral mucosal models compared with the untreated control oral 

mucosal model. As elevated levels o f IL-8 inflammatory cytokine in vivo are highly 

indicative o f cellular injury (Vlahopoulos et al., 1999), it was proposed that the 

indirect exposure o f the Ni-based alloy immersion solutions induced localised 

inflammation and the inflammatory cytokine was attempting to recruit other 

immunological molecules such as monocytes and activated macrophages (Schmalz et 

al., 2000) to the site o f cellular injury by the metal ion leachates. The expression of 

IL-8 inflammatory cytokine from the oral mucosal model following indirect exposure 

to the polished d.Sign® 15 immersion solutions was shown to be significantly 

increased (P<0.0001) compared with the polished d.Sign®10 immersion solutions. 

However, it was not possible to visually discern morphological alterations between 

the H&E stained tissue sections o f the d.Sign®10 (Figure 8.1.2b) and d.Sign® 15 

(Figure 8.1.2c) alloy immersion solutions-treated oral mucosal models. The oral 

mucosal models had both sustained a loss o f cellular thickness and cellular 

compactness in conjunction with significant vacuolisation. This finding highlights the 

limitations o f histological analyses when investigating the immunological response o f 

the oral mucosal model to dental casting alloy immersion solutions. No significant 

increase (P=0.5390) in IL-8 inflammatory cytokine expression was observed from the 

oral mucosal model following indirect exposure to the polished d.Sign®30 immersion 

solutions compared with the untreated control oral mucosal model (Table 8.2.11). The 

Co-Cr alloy immersion solutions therefore did not appear to elicit cellular damage 

manifest as the inducement o f the innate immunity response (Schmalz et al., 2000) to 

the oral keratinocytes and gingival fibroblasts comprising the epithelial and 

connective tissue layers o f  the oral mucosal model.

Comparative Analysis

The IL-8 inflammatory cytokine expression following direct exposure o f the oral 

mucosal models to the dental casting alloys was shown to significantly increase 

(?<0.0001) the expression levels elicited compared with indirect exposure to the alloy 

immersion solutions. As the expression o f IL-8 inflammatory cytokine is elevated at 

sites where oxidative stress occurs (Vlahopoulos et al., 1999) it is proposed that direct
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exposure elicited a significant immune response o f the oral mucosal model compared 

with indirect exposure.

PGE2

The expression o f PGE2 inflammatory cytokine is an indicator o f the up-regulation o f 

the inflammatory response (Trombetta et a l ,  2005) o f oral keratinocytes to a stimulus 

(metal ion leachates) and has been associated with the generation o f the in vivo nickel 

sensitivity response in the form o f contact hypersensitivity (Schmidt et al., 2010; 

Wataha et al., 2004).

Direct Exposure

Direct exposure o f the Ni-based and Co-Cr dental casting alloys to the oral mucosal 

models induced significantly increased (P<0.0001 and P=0.0300, respectively) 

expression o f PGE2 inflammatory cytokine compared with the untreated control oral 

mucosal model (Table 8.1.12). The levels o f PGE2 inflammatory cytokine expression 

elicited by the non-precious dental casting alloys from the oral mucosal models are 

indicative o f a chemically induced inflammatory response by epithelial cells 

(Dongari-Bagtzoglou and Ebersole, 1996) and may have serious clinical implications 

in vivo. D irect exposure o f the d.Sign® 15 dental casting alloy elicited significantly 

increased (P=0.0380) levels o f PGE2 inflammatory cytokine compared with the 

d.Sign®10 alloys (Table 8.1.12) which was in line with the findings o f the histological 

analyses. The d.Sign® 15 (Figure 8.1.1c) dental casting alloy treated-oral mucosal 

model exhibited higher levels o f morphological damage compared with the polished 

d.Sign®10 (Figure 8.1.1b) dental casting alloy manifest as a loss o f cellular thickness 

and cellular compactness o f the epithelial and connective tissue layers in addition to 

comprehensive vacuolisation o f the connective tissue layer. Additionally, the finding 

was in line with the ICP-MS analysis (Table 4.2.37) which highlighted significantly 

increased metal ion release from the d.Sign® 15 dental casting alloy compared with the 

d.Sign® 10 alloy.

Indirect Exposure

Indirect exposure o f  the Ni-based alloy immersion solutions elicited significantly 

increased (P<0.0001) PGE2 inflammatory cytokine expression compared with the 

untreated control oral mucosal (Table 8.2.14). As PGE2 inflammatory cytokine has
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been highlighted as a signal o f the up-regulation of the in vivo inflammatory response 

(Trombetta et al., 2005), it is suggested that the levels of PGEi inflammatory cytokine 

observed from the oral mucosal models were indicative of a significant 

immunological response to the Ni-based alloy immersion solutions. The polished 

d.Sign® 15 immersion solutions elicited significantly increased (P=0.0030) PGE2 

inflammatory cytokine expression compared with the polished d.Sign® 10 immersion 

solutions following indirect exposure to the oral mucosal model. It is suggested that 

this finding was significant due to the association of PGE2 inflammatory cytokine 

expression with the inducement of the in vivo nickel sensitivity response (Schmidt et 

a l,  2010; Wataha et al., 2004). The levels of PGE2 inflammatory cytokine expression 

highlighted by the oral mucosal models following indirect exposure to the d.Sign® 15 

immersion solutions may therefore be suggestive of an in vitro commencement of a 

hypersensitivity reaction. In addition, the findings are in line with the ICP-MS 

analysis in that the d.Sign® 15 immersion solutions released higher levels of metal ion 

leachates compared with the d.Sign®10 immersion solutions (Table 4.2.37). However, 

it was not possible to discriminate between the H&E stained tissue sections o f the 

d.Sign®10 (Figure 8.1.2b) and d.Sign®15 (Figure 8.1.2c) immersion solution-treated 

oral mucosal models. Therefore, it was critical to employ multiple analyses to gain a 

comprehensive understanding of the complex immunological mechanisms expressed 

by the oral mucosal models. Following indirect exposure, the polished d.Sign®30 

immersion solutions did not elicit a significant increase (P=0.4530) in PGE2 

inflammatory cytokine expression compared with the untreated control oral mucosal 

model (Table 8.2.14) which was in line with the histological analysis (Figure 8.2.Id).

Comparative Analysis

A comparison of the levels of PGE2 inflammatory cytokine expression following 

direct exposure of the oral mucosal models to the dental casting alloys highlighted 

significant increases (P<0.0001) in the expression levels o f the inflammatory cytokine 

compared with indirect exposure to the alloy immersion solutions. Therefore, it is 

suggested that direct exposure of the dental casting alloys elicited a more intense up- 

regulation of the inflammatory response (Trombetta et al., 2005) compared with 

indirect exposure to the oral mucosal models.

431



T N F-a

Ih e  ITMF-a intlammatory cytokine is expressed by epithelial cells when a critical 

level o f  inflammation has occurred and is considered the end-point o f  the immune 

response by the inducement o f apoptotic cell death (Vermeulen et al., 2005; W ataha 

et al., 2004).

Direct Exposure

The oral mucosal model was shown to elicit significantly increased levels o f T N F-a 

inflammatory cytokine following direct exposure to the Ni-based (P<0.0001) and Co- 

Cr (P=0.0090) dental casting alloys compared with the untreated control oral mucosal 

model (Table 8.1.15). The levels o f TN F-a inflammatory cytokine expressed by the 

oral mucosal models were indicative o f apoptotic cell death in response to metal ion 

leachates released from the dental casting alloys and were in line with the H&E 

stained tissue sections o f the Ni-based (d.Sign®10 (Figure 8.1.1b) and d.Sign®15 

(Figure 8.1.1c)) dental casting alloy-treated oral mucosal models. The d.Sign®15 

(Figure 8.1.1c) dental casting alloy treated-oral mucosal model exhibited higher levels 

o f  morphological damage compared with the polished d.Sign®10 alloy (Figure 8.1.1b) 

manifest as increased vacuolisation o f the connective tissue layers which was 

consistent with apoptotic cell death (Vermeulen et al., 2005). The H&E stained tissue 

section o f the Co-Cr (Figure 8.1.Id) dental casting alloy-treated oral mucosal model 

did not correlate well with the levels o f TN F-a inflammatory cytokine expressed. The 

T N F-a inflammatory cytokine is suggested to the critical stage o f the immune 

response whereby apoptotic cell death commences (Vermeulen et al., 2005; W ataha et 

al., 2004), however, cell death was not evident when examined using histological 

analyses. This finding highlights the beneficial approach o f employing multiple 

analyses when investigating the biological responses o f the oral mucosal model to the 

non-precious dental casting alloys.

Indirect Exposure

The expression o f TN F-a inflammatory cytokine expression was determined to be 

significantly increased following indirect exposure o f the oral mucosal model to the 

Ni-based immersion solutions compared with the untreated control oral mucosal 

(Table 8.2.17). The levels o f  TNF-a inflammatory cytokine expression from the oral
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mucosal model following indirect exposure to the Ni-based alloy immersion solutions 

was indicative o f an immune response by the oral keratinocytes comprising the 

epithelial tissue layer (Vermeulen et al., 2005; Wataha et al., 2004) suggesting the 

end-point o f the immune response by the inducement o f apoptotic cell death had 

commenced (Vermeulen et al., 2005; Wataha et al., 2004). The presence o f apoptotic 

cell death was further highlighted by the loss o f cellular thickness and cellular 

compactness in association with vacuolisation induced by the Ni-based (d.Sign®10 

(Figure 8.2.1b) and d.Sign® 15 (Figure 8.2.1c) alloy immersion-treated oral mucosal 

models. Following indirect exposure, the polished d.Sign®15 immersion solutions 

elicited significantly increased (P<0.0001) expression levels o f TNF-a inflammatory 

cytokine from the oral mucosal models compared with the polished d.Sign® 10 

immersion solutions which was in line with the findings o f the ICP-MS analysis 

(Table 4.2.37). Indirect exposure o f the d.Sign®30 immersion solutions did not induce 

a significant increase (P=0.4270) in the expression o f TNF-a inflammatory cytokine 

compared with the untreated control oral mucosal model (Table 8.2.17) which was in 

line with the histological analysis which did not highlight the presence o f apoptotic 

cell death in the epithelial or connective tissue layers (Figure 8.2.Id).

Comparative Analysis

Schmidt et al. (2010) highlighted that a stimulus was required to induce contact 

hypersensitivity in vivo thereby resulting in the up-regulation o f inflammatory 

cytokines as observed in the current study. The preferential release o f the major 

alloying elements from the polished Ni-based and Co-Cr dental casting alloys 

suggests that a pro-inflammatory response by the oral mucosal model was induced. 

Gazel et al. (2008) identified the symptoms o f an adverse reaction to Ni-based 

restorations were normally presented clinically within the first 24 h o f  exposure to the 

gingival and sub-gingival tissues in vivo. Therefore, it was not unexpected that direct 

contact o f the Ni-based dental casting alloys to the oral mucosal model elicited a 

significant immune response (?<0.0001) compared with indirect exposure.

Cellular Toxicity

The release o f the intracellular enzyme LDH from the oral mucosal model in response 

to the non-precious dental casting alloys was selected as the indicator o f cellular 

toxicity. The LDH enzyme is involved in the conversion o f  pyruvate, the end product
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o f  glycolysis, to lactate where oxygen is absent or in short supply (Lash et al., 1995). 

The loss o f  cell membrane integrity, as indicated by the release o f the LDH enzyme in 

response to metal ion leachates therefore can be used as a marker for lethal cell injury 

(Kendig and Tarloff, 2007; Issa et al., 2004). Using the oral mucosal models 

incubation media as a reservoir for the released LDH enzyme, it was feasible to 

perform the cellular toxicity analyses without interfering with the stability o f the oral 

mucosal model in response to the dental casting alloys over increasing exposure time 

(2, 24, 48 and 72 h). The negative slope o f the cellular toxicity regression analyses 

demonstrated that the Triton-X treated control oral mucosal model displayed high 

levels o f LDH release, indicative o f cellular toxicity over the 72 h exposure time 

(Figure 8.1.9). The finding suggests that whilst a maximum level o f LDH release from 

the oral mucosal models had been achieved at 2 h exposure to Triton-X (Figure 8.1.9), 

the release o f  LDH was subsequently maintained throughout the duration o f the 

experiment up to 72. It is postulated that the lysing agent (Triton-X) dissipated 

throughout the oral mucosal model thereby causing the sustained release o f the LDH 

enzyme for the duration o f the experiment or alternatively, the maximum level o f the 

LDH enzyme was released from the oral mucosal model at 2 h and did not degrade 

over time up to 72 h.

Direct Exposure

The Ni-based (d.Sign®10 and d.Sign® 15) and Co-Cr (d.Sign®30) dental casting alloys 

elicited significant increases (P<0.0001) in the release o f the LDH enzyme from the 

oral mucosal models which was indicative o f cellular toxicity and demonstrated by 

the positive slopes o f the regression analysis when compared with the control oral 

mucosal model (Table 8.1.16). The increases in LDH enzyme release are thought to 

result from the metal ion leachates (Table 4.2.37) whereby dissipation o f  the metal ion 

leachates occurred throughout the epithelial tissue layer through to the connective 

tissue layer o f  the oral mucosal model. It is postulated that the metal ion leachates 

lysed the oral keratinocytes and gingival fibroblasts present and thus were responsible 

for the release o f the LDH enzyme. The LDH enzyme release assay is proposed to be 

an indicator o f the stability and permeability o f  cell membranes (Kendig and Tarloff, 

2007; Issa et al., 2004) throughout the oral mucosal models epithelial and connective 

tissue layers. The pooling o f the cellular toxicity results from the oral mucosal models 

treated with the d.Sign® 10 or d.Sign® 15 dental casting alloys identified that whilst
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both the dental casting alloys induced significant increases in cellular toxicity 

(P<0.0001), no differing between the Ni-based alloys were discernable (P=0.5580) 

(Table 8.1.18). However, the histological analysis performed on the H&E stained 

sections of the oral mucosal highlighted the d.Sign® 15 dental casting alloys (Figure 

8.1.1c) elicited significantly increased morphological alterations in the oral mucosal 

models compared with the d.Sign®10 alloy (Figure 8.1.1b). Kendig and Tarloff (2007) 

stated that due to the potential for interference in LDH release assays from the toxic 

elements they strive to investigate, cellular toxicity analysis should not be performed 

in isolation. Therefore, the oral mucosal model which facilitates a multiple 

experimental parameter approach whereby cell viability, the expression of 

inflammatory cytokines and oxidative stress responses can be generated from the 

same oral mucosal model negate the concerns of Kendig and Tarloff (2007). It was 

noted, however, during a comparison of the 2 h exposure time cellular toxicity data 

(Figure 8.1.8) and the corresponding cell viability data (Figure 8.1.2) that the loss of 

cell viability appeared to be much higher compared with the relatively low levels of 

LDH expressed by the oral mucosal models at the same exposure time. Such a finding 

suggests that the direct exposure of the oral mucosal models to the dental casting 

alloys elicited mitochondrial damage (as elicited by the alamar blue assay) at a much 

earlier stage (2 h) (Figure 8.1.2) compared with the loss o f membrane potential (as 

elicited by the LDH release assay) which only been apparent at 24 h (Figure 8.1.8). 

Such diverse reactions of the oral mucosal model to the direct exposure o f the dental 

casting alloys highlights further the beneficial nature of the multiple analyses 

employed in the current study.

Indirect Exposure

The Ni-based alloy immersion solutions elicited significant increases (P<0.0001) in 

the release of LDH from the oral mucosal models, indicative of cellular toxicity, as 

demonstrated by the positive slopes of the regression analyses (d.Sign®10 (Table 

8.2.18) and d.Sign® 15 (Table 8.2.19)) when compared with the control oral mucosal 

model. The increases in LDH enzyme release are thought to result from the metal ion 

leachates (Table 4.2.37) whereby the metal ion leachates diffused throughout the 

epithelial tissue layer through to the connective tissue layer o f the oral mucosal 

model. The LDH enzyme was released from the epithelial and connective tissues as 

the cells were lysed throughout, as evident by the widespread vacuolisation

435



determined by the histological analyses for the Ni-based alloy immersion solutions 

(Figures 8,1.2b,c). The linear increase in the slopes o f the cellular toxicity regression 

analyses with increasing immersion duration (1-14 day) for the alloy immersion 

solutions further highlights the suitability o f the LDH enzyme release assay as an 

indicator o f cell membrane integrity within the oral mucosal model (d.Sign® 10 

(Figure 8.2.11) and d.Sign®15 (Figure 8.2.12)). The increased cellular toxicity levels 

observed for the Ni-based alloys correlated with the histological analyses for the 

d.Sign®10 (Figure 8.1.2b) and the d.Sign®15 (Figure 8.1.2c) alloy immersion 

solutions where a loss o f cellular compactness and a reduction in cellular thickness of 

the epithelial and the connective tissue layers was evident with no boundary layer 

between the epithelial and connective tissue layers discernable. The pooling o f the 

cellular toxicity results from the oral mucosal models treated with the d.Sign® 10 or 

d.Sign®] 5 immersion solutions identified that whilst both Ni-based dental casting 

alloys induced significant increases in cellular toxicity (P<0.0001), no significant 

difference between the alloy immersion solutions was evident (P=0.2550) which 

confirmed the histological analysis where it was not possible to visually discriminate 

between the d.Sign® 10 (Figure 8.1.2b) or d.Sign® 15 (Figure 8.1.2c)-treated H&E 

stained sections o f  oral mucosal models.

The elevated levels o f metal ion leachates present in the 14 day immersion solution of 

the d.Sign®30 alloy (Table 4.2.37) were thought to be responsible for the increased 

release o f  the LDH enzyme from the oral mucosal model compared with the 1 ,5  and 

9 day alloy immersion solutions. This suggests that a metal ion leachate threshold 

level exists for d.Sign®30 although further experimentation would be required to 

confirm this provisional finding. Additionally, examination o f the H&E stained 

sections o f  the oral mucosal model treated with the 14 day d.Sign®30 immersion 

solution (Figure 8.1.2d) did not display a loss o f  cellular compactness in conjunction 

with thicknesses o f  the epithelial and connective tissue layers o f the oral mucosal 

model and the defined boundary separating the epithelial and connective tissue layers 

was evident as with the control oral mucosal model which further suggests that more 

experimentation is required.
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Comparative Analysis

The cellular toxicity levels elicited from the oral mucosal models highlighted that 

direct exposure elicited significantly increased (P<0.0001) levels of LDH release 

compared with indirect exposure (Table 8.2.33). Therefore, direct placement o f a non

precious Ni-based dental casting alloy adjacent to a buccal and/or gingival tissue may 

result in enhanced cellular toxicity levels with associated clinical implications (Gazel 

et a l,  2008) resuhing in localised inflammation and cell death (Issa et al., 2004). 

Additionally, the likelihood of interference in formazan-based assays (Kendig and 

Tarloff, 2007; Issa et al., 2004) highlights the benefits of the multiple analyses 

methodological approach employed in the current study.

Conclusion

The current study developed a 3D human-derived, full-thickness, differentiated oral 

mucosal model for the comprehensive biocompatibility evaluation o f polished Ni- 

based and Co-Cr dental casting alloys using a number of highly discriminatory 

experimental parameters including histological analysis, cell viability measurements, 

the expression of inflammatory cytokines, cellular toxicity analysis and oxidative 

stress responses. Previous analyses performed by the author had determined the 

biocompatibility the dental casting alloys on 2D TR146 oral keratinocyte cell 

monolayers. However, the multiple-endpoint analyses function o f the oral mucosal 

model demonstrated that the dental casting alloys investigated elicited significantly 

detrimental effects to the oral mucosal model. The individual analyses were well 

correlated and distinct differences between dental casting alloy compositions using 

the multiple-endpoint analyses approach were discemable. It is suggested by the 

author that the benefit of the multiple-endpoint analyses approach is emphasised with 

the histological analyses which highlighted alterations in the cellular thickness and 

cellular compactness of the Ni-based alloy-treated oral mucosal models in addition to 

vacuolisation of the connective tissue layer, indicative o f cell death. The histological 

findings, in conjunction with the loss o f cell viability and the generation of ROS as 

shown by the decreases o f intracellular reduced GSH levels, the processes are thought 

to be indicative of a detrimental biological response of the oral mucosal models to the 

Ni-based dental casting alloys. The presence of a proinfiammatory response elicited 

by the oral mucosal models in response to the Ni-based dental casting alloys 

highlighted the activation of the innate immune response. It is postulated that the
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") +mechanism whereby the Ni ions permeated the epithelial tissue layer o f the oral 

mucosal model and encountered TLR4 present on the surface o f the cells. The 

activation o f  TLR4 was likely to have elicited the proinflammatory response observed 

following direct and indirect exposure to the Ni-based dental casting alloys and 

associated alloy immersion solutions manifest in the H&E stained tissue sections, the 

loss o f  cell viability and the generation o f ROS identified. Therefore, the 3D human- 

derived, full-thickness, differentiated oral mucosal model described has the potential 

to become adopted for the determination o f biocompatibility for a multitude o f dental 

materials as a more sophisticated assessment o f dental casting alloys and should be 

added to the standards armoury.
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CHAPTER 10 CONCLUSIONS

The current study highhghted that the 2D TR146 oral keratinocyte cell monolayer 

structure showed significantly increased adverse biological effects including 

alterations in cell morphology, decreases in cell density measurements, increases in 

the expression of inflammatory cytokine, decreases in cellular metabolic activity and 

increases in cellular toxicity analysis following direct and indirect exposure to 

clinically relevant polished d.Sign® 10 dental casting alloys compared with the 

alumina particle air abraded surface finishing condition. Therefore, the 

biocompatibility potential of the polished d.Sign® 10 dental casting alloys was 

determined to be significantly less than the ‘as-cast’ alloys which was an unexpected 

finding. The surface finishing condition of the Ni-based dental casting alloy 

investigated has important clinical implications and the approach o f employing 

multiple analyses. Cell morphology, cell density measurements, the expression of 

inflammatory cytokines, cellular metabolic activity and cellular toxicity responses on 

the cell monolayer structure combined with profilometry and ICP-MS analyses 

afforded the author an enhanced insight into the complex processes occurring in the 

oral environment thereby enhancing the clinical implications of the current study.

For the first time in the dental literature it was comprehensively shown that the use of 

trypsinised TR146 cells in cell density measurements are not suitable for the purpose 

due to the elevated levels of cell death observed at 2 h incubation. The development 

and use of a novel trypsin-free method has implicafions for the authority o f previously 

published studies on cell density measurements.

The range of biocompatibility analyses highlighted that the previously advocated 

minimum chromium content (16.0 mass%) for Ni-based dental casting alloys to 

improve formation of protective surface oxides and corrosion resistance (Wylie et al., 

2007; Huang, 2003; Acevedo et al., 2001; Nelson et ah, 1999) may be inaccurate. The 

studies advocating increased chromium content were performed on simple metal salt 

solutions (Lewis et a l,  2009; Trombetta et a l, 2005; Messer and Lucas, 2000; Messer 

et al., 1999; Wataha et al., 1994) which lack the complex composition of dental 

casting alloys. The majority of studies in the dental literature employed gingival 

fibroblasts (Wylie et al. 2007; Ozen et al., 2005; Taira et al., 2001; Messer et al..
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1999; Messer and Lucas, 1999; Bumgardner and Lucas, 1995) instead of oral 

keratinocytes (Wylie et al., 2010; Trombetta et al., 2005; Schmalz et a i, 2000) which 

are the primary tissue type encountered by metal ions in the oral environment (Gazel 

et a l, 2008 Ozen et al., 2005). Therefore, the accepted mantra on the biocompatibility 

of metal ion release from Ni-based dental casting alloys (Elshahawy et al., 2009; 

Messer and Lucas, 2000; Schmalz et al., 2000; Bumgardner and Lucas, 1995; Wataha 

et al., 1994) may need to be further clarified.

It can be concluded that S. mutans, C. albicans and C. dubliniensis oral 

microorganisms significantly enhanced the loss of biocompatibility for the dental 

casting alloys.A comparative discussion of the findings of the analyses employed was 

not possible due to the paucity of similar studies in the dental literature. The effect of 

S. mutans exposure to the dental casting alloys was shown to significantly enhance the 

levels of metal ion leachates over the immersion durations investigated compared 

with metal ion release from the non-oral microorganism-treated dental casting alloys. 

This finding indicates that the exacerbated release of metal ions from S. mutans- 

treated dental casting alloys was a possible consequence of the reduction in pH levels 

known to occur during S. mutans growth. The oral carriage in the human population 

of the oral microorganisms investigated, in particular S. mutans, and the enhanced 

loss of biocompatibility of the 2D TR146 oral keratinocyte cell monolayer structure 

observed following exposure to the non-precious dental casting alloys, the clinical 

implications for the long-term stability of metallic restorations in the oral environment 

give valid cause for concern.

A 3D human-derived, full-thickness, differentiated oral mucosal model was 

developed and employed highly discriminatory analyses including histological 

analysis, cell viability measurements, the expression of inflammatory cytokines, 

cellular toxicity analysis and oxidative stress responses for the comprehensive 

biocompatibility evaluation of polished Ni-based and Co-Cr dental casting alloys. The 

multiple and simultaneous-endpoint analyses function o f the oral mucosal model 

demonstrated that the dental casting alloys investigated elicited significantly 

detrimental effects to the oral mucosal model. The individual analyses were well 

correlated and discrete variations between dental casting alloy compositions using the 

multiple-endpoint analyses approach were discernable. Therefore, the novel 3D
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human-derived, full-thiclaiess, differentiated oral mucosal model employed in the 

current study has the potential to be implemented for the determination o f 

biocompatibility potential for a multitude o f dental materials and dental care products.
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CHAPTER 11 FUTURE RECOMMENDATIONS

Enhancing the tissue layer complexity o f  the oral mucosal model would be an 

important contribution to the in vitro simulation o f the native human oral mucosa. The 

inclusion o f  primary endothelial cells in the oral mucosal model would in particular 

have significant effects on the oxidative stress responses elicited following exposure 

to a dental casting alloy as the prevailing indicator o f endothelial cell impairment in 

vivo is an increase in reactive oxygen species generation eliciting nitric oxide 

production specifically (Vlahopoulos et al., 1999).

The inclusion o f ThPl monocytes in the form o f activated macrophages (MO) to the 

oral m.ucosal model would significantly enhance the clinical relevance o f the structure 

when determining the biocompatibility potential o f non-precious dental casting alloys 

(Lewis et al., 2009) and provide valuable insight into intracellular signalling 

mechanism. Macrophages are immune molecules which in vivo are recruited to the 

site o f cellular damage and elicit the expression o f a diverse range o f inflammatory 

cytokines (Noda et al., 2003). Potentially, oral mucosal models following exposure to 

dental casting alloys could be screened for the expression o f macrophage-specific 

inflammatory cytokines using an immunoarray system. The inflammatory cytokine 

expression profile could subsequently be compared with in vivo inflammatory 

cytokine profiles and similarities established. Further analysis on the infiuence of 

TLR4 signalling in the elicitation o f nickel hypersensitivity would be beneficial.

The oral mucosal model has the potential to be employed in the biocompatibility 

evaluations o f not only non-precious dental casting alloys but other dental materials 

(precious dental casting alloys, resin-based dental composites, amalgam, cements, 

glass ionomers) and dental care products (toothpastes and mouthwashes), highlighting 

potential industrial applications.

A comprehensive study on the influence o f surface finishing condition on 

commercially available precious and non-precious dental casting alloys would be a 

valuable addition to the dental literature as it was demonstrated that the clinically 

relevant polished surface finishing condition was significantly less biocompatibility
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with the 2D cell monolayer structure compared with the ‘as-cast’ surface finishing 

condition.

In response to the detrimental effects observed following the treatment of non

precious dental casting alloys with oral microorganisms, the influence of the most 

commonly encountered oral microorganisms on the biocompatibility potential of non

precious dental casting alloys could be investigated using the oral mucosal model.

Long-term dental casting alloy immersion studies employing ICP-MS analysis would 

be beneficial in order to gain a comprehensive understanding of the behaviour of non

precious dental casting alloy leaching o f metal ions.

The prospect of employing gene arrays following exposure of the oral mucosal 

models to non-precious dental casting alloys is a novel mode of analysis. The gene 

expression profiles in association with identifying the ‘switching on’ and ‘switching 

o ff of genes involved in the allergic response to metals, nickel in particular, is an 

exciting prospect and may represent the future of biocompatibility investigations.
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A B S T R A C T

Objectives. To assess the  effects of surface finishing condition (polished or alum ina particle 
air abraded) on the  biocompatibility of direct and indirect exposure to a nickel-chromium 
(Ni-Cr) d.Sign*10 dental casting alloy on oral keratinocytes. Biocompatibility was performed 
by assessing cellular viability and morphology, metabolic activity, cellular toxicity and pres
ence of inflammatory cytokine markers.
Methods. Discs of d.Sign*10 were cast, alum ina particle air abraded and ha lf were polished 
before surface roughness was determ ined by profilometry. Biocompatibility was assessed by 
placing the  discs directly or indirectly (with imm ersion solutions) into contact w ith TR146 
monolayers. Metal ion release was determ ined by ICP-MS. Cell viabiUty was assessed by try
pan blue dye exclusion, metabolic activity by XTT and cellular toxicity by LDH. Inflammatory 
cytokine analysis was perform ed using sandwich ELISAs.
Results. The m ean polished Ra value was significantly reduced (P <0.001) compared vrtth the 
alum ina particle air abraded discs bu t m etal ion release was significantly increased for the 
polished discs. Significant reductions in cell density of polished compared w ith alum ina 
particle air abraded discs was observed following direct or indirect exposure. A significant 
reduction in metabolic activity, increase in cellular toxicity and an  increase in the presence 
of inflam matory cytokine m arkers was highlighted for the polished relative to the  alum ina 
particle air abraded discs a t 24 h.
Significance. Finishing condition of the  Ni-Cr dental alloy investigated has im portant clinical 
implications. The approach of employing cell density and morphology, m etabolic activity, 
cellular toxicity levels and inflam matory m arker responses to TR146 epithelial cells com
bined with ICP-MS afforded the  authors an increased insight into the complex processes 
dental alloys undergo in the oral environment.

© 2011 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

1. Introduction

N on-precious n ickel (Ni)-based d en ta l casting  alloys possess 
a  h igh  m o d u lu s o f e lasticity  w hich  enab les use  in  th in n e r  
sec tions th a n  conven tional high-gold alloys, w hich  m ake Ni-

b ased  alloys ideal for a  varie ty  of app lications in  restorative 
d en tis try  [1]. As N i-based d en ta l resto ra tio n s are in direct, 
pro longed  co n tac t w ith  th e  gingival tissues, o ften  ex tending  
subgingivally  [2], th e  long-te rm  prognosis o f th ese  alloys to 
cau se  a  co ncern  to oral h ea lth  c an n o t be overlooked. M etal 
ion con cen tra tio n s and  corrosion products leached from  den-

• Corresponding author. Tel: +353 1 612 7371; fax: ■̂ 353 1 612 7297.
E-mail address: em m alouise.m cginleyedental.tcd.ie (E. Louise McGinley).

0109-5641/$ -  see front m atter © 2011 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved. 
doi:10.1016/;.dental.2011.03.004
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tal alloys into the adjacent gingival tissues have been reported 
[3] and proposed to be dependent upon the bulk composition 
of the alloy which influences the corrosion resistance [4-12], 
the microstructure formed during the casting procedure [2 ] 
and subsequent firing protocols [1,2,13,14],

Corrosion occurs with associated metal ion release from 
the restoration into adjacent gingival tissues [3] or alterna
tively by the progressive dissolution of a surface film which 
results in the metal being totally consumed which results in 
the metal being totally consumed by the reaction (oxidation) 
or the formation of a protective passivation layer (reduc
tion) [7,13]. Disruption of the protective passivation oxide 
layer can be caused by a number of different mechanisms 
including anodic dissolution whereby the passive layer under
goes a process of partial dissolution and reprecipitation in 
the aqueous solution [11]. Corrosion can occur as pitting, 
crevice and galvanic processes which can subsequently man
ifest in Ni-based dental alloys in situ in the oral cavity [2]. 
Biological factors including decreased pH disruption [IS], the 
presence of active oxygen species [16,17] and the acceleration 
of leaching by presence of amino acids and proteins [18,19] can 
also further exacerbate corrosion processes. As a result, the 
elemental components of these alloys and possibly any associ
ated corrosion products leached into the surrounding gingivae 
during function have the potential to cause hypersensitivity
[5].

Nickel is a potent allergen and causes hypersensitivity 
reactions to a greater extent compared with any other metal or 
alloys used in metal-ceramic restorations with approximately 
20% of women and 2% of males between the ages of 16 and 35 
years susceptible to nickel sensitivity [20]. Metal ion release 
can be directly linked to the clinical side effects observed 
with the use of nickel-chromium (Ni-Cr) dental casting alloys 
in the oral cavity. Inflammatory responses associated with 
Ni-Cr alloy restorations subside when the alloy is removed and 
replaced with nickel-free alloy alternatives thereby providing 
evidence to this issue.

It should be noted that the majority of publications in the 
dental literature focus on the relationship between metal salts 
of the major constituents of Ni-Cr dental casting alloys and 
oral epithelial cells [3,4,6,16,17,21-24]. As a result, the clinical 
relevance to dentistry of the relationship between metal salts 
and oral epithelial cells is difficult to translate. The authors 
of the current study therefore believed that physical presence 
of a dental casting alloy (through direct contact or indirect 
contact with immersion solutions) to oral keratinocytes was 
a pre-requisite to provide an accurate, repetitive and realistic 
clinical portrayal of metal ion release through the corrosion 
behavior of Ni-Cr alloys.

The study therefore focused on whether the surface finish 
condition of a Ni-Cr dental alloy had the potential to mod
ify cell density (using the tr5fpan blue dye exclusion assay), 
cell morphology, metabolic activity (using tetrazolium based 
2, 3-Bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5- 
carboxanilide inner salt sodium assay (XTT)), cellular toxicity 
levels (using the release of the cjrtosolic enzyme lactate dehy
drogenase (LDH)) and inflammatory marker (Interleukin-la 
(IL-la), PGE2 (Prostaglandin E2) and TVimor Necrosis Factor-a 
(TNF-a)) responses to TR146 epithelial cells using a sandwich 
Enzyme Linked Immunosorbent Assay (ELISA).

The influence of surface finishing condition has rarely 
been investigated in the dental literature [2,7,13,18], with a 
surface finishing condition equivalent to that used clinically 
seldom used for biocompatibility evaluations [2]. The majority 
of studies that investigated the biocompatibility of Ni-based 
dental casting alloys were performed on metal salt solu
tions [4,16,21,23,24] rather than the cast alloy in the surface 
finish equivalent to the clinical condition [2], According to 
Roach et al. [1] polishing should allow for the uptake of atmo
spheric oxygen by the exposed surface, thereby acting as a 
‘nonconductive barrier’ to electron flow. The surface finishing 
condition of the Ni-based dental casting alloy was therefore 
considered to be a critical factor based on the ‘nonconductive 
barrier’ postulated by Roach et al. [1].

Novel methodologies employed for the assessm ent of ion 
release for Ni-Cr dental casting alloys also include Laser- 
Ablation Inductively Coupled Plasma-Mass Spectrometry 
(LA-ICPMS) [5], Inductively Coupled Plasma-Atomic Emission 
Spectrometry (ICP-AES) [2] and ICP-MS used in the current 
study. While LA-ICPMS can assess the distribution of ions in 
tissues, both ICP-AES and ICP-MS can assess ion release in 
immersion solutions with detection limits of concentrations 
of 0.04|xg/mL and below one part in 10^ ,̂ respectively and 
therefore ICP-MS was chosen in the current study.

The aim of the current study was to assess the influence 
of surface finishing condition (polished or alumina particle 
air abraded) on the biocompatibility of direct and indirect 
exposure of a commercially available Ni-Cr dental casting 
alloy (d.Sign®10, Ivoclar Vivadent, Leicester, UK) on a TR146 
immortal human keratinocyte cell line. Biocompatibility was 
analyzed by the assessment of TR146 cell density and cell 
morphology using light microscopy and cell viability using a 
trypan blue dye exclusion assay. Cellular proliferation analysis 
was performed using an XTT metabolic assay, cellular tox
icity levels were determined with an LDH assay and metal 
ion release by ICP-MS was also performed. Immunological 
cytokine profiles with a sandwich ELISA method specific for 
the inflammatory molecules IL-la, IL-8 , PGE2 and TNF-o in 
response to the alloy finishing conditions when exposed 
directly (to the alloy) or indirectly (to the immersion solutions) 
were also assessed.

2. Materials and methods

2.1. M aterials

A commercially available Ni-Cr dental casting alloy 
(d.Sign*10) was employed. The main constituents of the 
alloy (in mass%) as reported by the manufacturers were 75.4% 
Ni, 12.6% Cr and 8 % Mo and the alloy indications included 
the production of crowns, short and long spans bridges, posts 
and telescope crowns [25]. Disc-shaped specimens (15 mm  
diameter and 1 .0  mm thickness) were prepared from wax 
patterns (Blue inlay casting wax, Kerr Italia SpA, Salerno, 
Italy) connected by a 3 mm diameter sprue (Dentaurum, 
Himstrase 31, Ispringen, Germany) to the sprue former (Whip 
Mix™, Kentucky, USA) and positioned in the center of the 
casting ring (Whip Mix 4088, Whip Mix™, Kentucky, USA) 
resulting in a 5 mm sprue length. A carbon-free phosphate-
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bonded casting  investm ent (GC Fujivest II, GC Europe NV, 
Leuven, Belgium) and  expansion liquid (GC Fujivest II) were 
selected and  using low vibration, the investm ent m aterial 
w as poured into the casting ring and allowed to se t for 20  m in 
in accordance w ith  the m anufacturers instructions. The ring 
w as placed in  the cen ter of a p re-heated  furnace a t 820 °C for 
40 m in  to bu rn  ou t the wax pattern  and therm ally expand 
the m ould. Additionally, to control the expansion throughout 
the investing process a 1 m m  thick dry casting liner (GC New 
Casting Liner) w as used. To cast each ring, a 9 g ingot of alloy 
was p re-heated  for 60s in a carbon-free ceram ic crucible 
(Heraeus Kulzer GmbH, Hanau, Germany) using a vacuum  
pressure casting m achine (Heracast, Heraeus Kulzer). After 
pre-heating  the casting ring was rem oved from the furnace, 
positioned in  the casting m achine and m elted until the thin 
oxide glaze broke and the m olten alloy was forced into the 
casting m ould using a com bination of pressure and vacuum . 
Divesting w as carried out on the next day to ensure th a t 
all the  castings had  cooled sufficiently and the investm ent 
m aterial w as broken carefully under w ater using a plaster 
knife.

To rem ove the residual investm ent m aterial from each ca s t
ing w as alum ina particle air abraded (Renfert Basic Master, 
Buckingham shire, UK) w ith 50 (xm alum inum  oxide abrasive 
using 2 bar pressure for 20 s from a distance of 5 cm. The 
disc-shaped specim ens were separated  from the sprues using 
a cutting disc. The discs were used in the alum ina particle 
air abraded finishing condition, and a fu rther series of disc
shaped  specim ens w ith a finishing condition equivalent to 
th a t em ployed clinically was achieved by polishing w ith ru b 
ber polishing w heels suitable for non-precious alloys [2 ].

2.2. Profilometry

Three d.Sign®10 discs from each finishing condition exam ined 
(polished and alum ina particle air abraded) were exam ined 
using a contac t stylus profilom eter (Talysurf CLI 2000 Taylor- 
Hobson Precision, Leicester, UK) to determ ine the surface 
texture of the finishing condition. Three discs were selected at 
random  and traces were perform ed w ith a 90° conisphere sty 
lus tip of 2 jjim radius, across a 1 00  mm^ area coincident w ith 
the cen te r of the specim en. Profilometry was perform ed a t a 
stylus velocity of 0.5 m m /s, recording data points every 5 |xm 
(x-direction) w ith a 8 .6  nm  resolution (z-direction) resulting in 
2001 traces w ith a 5 M,m step-size (y-direction). The roughness 
param eter estim ated  for the cu rren t study w as the Ra value 
w hich represented  'the  arithm ic m ean  of the absolute depar
tures of the roughness profile from the m ean line’. The Ra 
value w as quantified from the 'raw  da ta ’ of the profilometric 
profiles generated across the 10 0  mm^ area (composed of 200 1  

traces) a t the operating conditions of stylus velocity, applied 
force and step-size outlined above. The m ean Ra value was 
determ ined  following the em ploym ent of a 0.25 m m  cut-off 
G aussian roughness filter in accordance w ith ISO 4287 [26],

2.3. Cell culture

The hum an  oral epithelium  cell line used throughout the cur
ren t study  was TR146 (SkinEthic Laboratories, Nice, France) 
first described in 1985 by Rupniak e t al. [27]. The histologi

cal origin of the cell line w as a squam ous cell carcinom a of 
the buccal epithelium . The chem icals and antibiotics used 
in th e  current study were of analytical-grade, m olecular 
biology-grade or cell culture-grade and  w ere purchased from 
Sigma-Aldrich Ltd., Dublin, Ireland, unless otherw ise spec
ified. The cell line was m aintained in Complete Medium 
(CM) w hich consisted of Dulbeccos’ Modified Eagle’s m edium  
(DMEM, pH 7.0) containing 4500 mg'L glucose, L-glutamine, 
sodium  bicarbonate and phenol red w ithout sodium  pyru
vate, and was supplem ented w ith 1 0 % (v/v) fetal bovine 
serum  (FBS) w hich was supplied as heat-inactivated  (60 °C) 
and sterile-filtered. CM was also supplem ented  w ith penicillin 
(100 units/mL) and streptom ycin (lOOunits/mL).

The TR146 cells were m aintained in 10 mL CM in tissue 
culture dishes (100 m m  height, 200 m m  diam eter) (Sarstedt 
Ltd., Wexford, Ireland) at 95% relative hum idity  in an  envi
ronm en t containing 5% carbon dioxide (CO2) a t 37 °C (normal 
incubation conditions) in a Biotech Galaxy CO2 incubator (RS 
Biotech Laboratory Equipm ent Ltd., Scotland, UK). A serum - 
free m edium  (SFM) a t pH 7.0 was also used in this study 
as several com ponents of CM can interfere w ith the col
orim etric and enzym atic assays. SFM consisted of DMEM 
containing 4500 m ^L  of glucose and sodium  bicarbonate w ith 
out phenol red. This m edia was supplem ented w ith 4mM/L 
L-glutamine, penicillin (100 units/mL) and streptom ycin (100 
units/mL). Dulbecco’s Phosphate Buffer saline (DPBS; pH 7.4) 
was purchased as a 10x concentrate. Dilutions were m ade 
using Millipore w ater w hich had been filtered using a Minis- 
art 0.22 tJim pore size filter (Sartorius M echatronics™ , Dublin, 
Ireland) prior to being sterilized in a LTE Touchclave-LAB au to 
clave (LTE Scientific Ltd., Oldham, UK) operating a t 115 °C 
for 10 min. Triton X-100 solution w as supplied sterile-filtered 
condition and diluted to a 1% solution using sterile-filtered 
Millipore water, prior to being autoclaved a t 115 °C for 10 min.

2.4. A ssay fo rm a t

To investigate the influence of finishing condition (polished 
and alum ina particle air abraded) on the biocom patibility 
of the d.Sign®10 alloy, TR146 cells were seeded in m ulti
well dishes. Confluent TR146 m onolayers grown in CM were 
trea ted  w ith sterile-filtered 0.25% (w/v) trypsin-edetate d is
odium  (trypsin-EDTA [2.5 g porcine trypsin, 0.2 g EDTA.4Na/L 
H ank’s Balanced Salt solution w ith phenol red]) for 10 m in at 
37 °C. TR146 cells w ere then  detached from the tissue culture 
dish by forcible pipetteing. The cell suspension w as cen 
trifuged in an Eppendorf Centrifuge 5804 (Davidson & Hardy 
Ltd., Belfast, UK) a t 250 x g for 10 min. The su p ern a tan t was 
discarded and the pellet w as re-suspended in CM or SFM. 
An Improved Bright Line N eubauer H aem ocytom eter (Hausser 
Scientific Ltd., PA, USA) w as used to estim ate the cell density  
by adding a 1:1 (v/v) of the re-suspended TR146 pellet and 0.4% 
trypan blue dye solution (prepared in 0.81% NaCl and 0.06% 
K2HPO4). The cells were visualized on a Nikon™  TMS inverted 
phase contrast m icroscope (Nikon Instrum ents™ , Micron 
Optical Co. Ltd., Dublin, Ireland). Cells tha t absorbed trypan 
blue dye were considered non-viable and were therefore no t 
counted. Cell suspensions were adjusted to 1 x 10^ cells/mL 
CM or SFM.
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For visual assessm ents of cell morphology and cell den
sity and ELISA analysis of cytokine production, 2 x 10^ cells in 
2 mL CM were added to each well of a sterile, DNase/RNase- 
free, flat-bottom ed, 6 well cell culture dish (Greiner Bio-One 
Cellstar, Cruinn Diagnostics Ltd., Dublin, Ireland) and the cells 
were incubated for 24 h prior to biocom patibility testing. For 
analysis of metabolic activity w ith  XTT and cellular toxicity 
w ith the Cytotox™  kit, 2 x 10^ cells in 0.2 mL SFM were added 
to each well of a 96 well cell culture dish (Cellstar®, Greiner 
Bio-One, Sarstedt Ltd.) and incubated for 24 h prior to testing.

2.5. Direct and indirect alloy exposure

The biocom patibility of d.Sign®10 discs for the finishing con
ditions investigated were assessed (polished and alum ina 
particle air abraded) by placing the alloy discs directly or 
indirectly into contact w ith TR146 cell monolayers. Prior 
to placem ent the discs were w ashed using sterile-filtered 
Millipore w ater and were aseptically placed into Defend® Self- 
Sealing Sterilization Pouches (Carl Parker Associates, M ydent 
Corporation, NY, USA) and sterilized a t 115 °C for IS m in  to 
ensure sterility prior to cell culture exposure. Direct exposure 
involved the p lacem ent of the sterilized alloys discs directly 
onto the surface of confluent cell m onolayers w ith incubation 
for specific tim e periods prior to removal. Indirect exposure 
involved incubation of the alloy discs in  50 mL of SFM a t room 
tem perature for 1, 5, 9 and 14 day tim e periods. At each of the 
tim e points the alloy discs were aseptically rem oved from the 
SFM and the resulting im m ersion solutions were either used 
im m ediately for biocom patibility analysis or stored at - 2 0 °C 
for future testing and analysis.

2.6. Analysis o f metal ion release by ICP-MS

The d.Sign®10 alloy discs in the finishing conditions under 
investigation (polished and alum ina particle air abraded) were 
aseptically placed into 50 mL of SFM and statically incubated at 
room tem perature for 1,7 and 14 days. After the specified tim e 
periods, the discs were aseptically rem oved from the solution 
and prepared for ICP-MS analysis. The sam ples were diluted 
1:10 (v/v) in deionized w ater and were acidified to pH 2.0 w ith 
nitric acid prior to analysis. ICP-MS analysis was perform ed 
using an Agilent 7500a Series® ICP-MS (Agilent Technologies, 
Dublin, Ireland) w ithin the detection limits of the apparatus 
(ng/L).

2.7. Cellular morphology

Directly exposed cells to the alloy finishing condition were 
incubated under norm al conditions for a fu rther 48 h and 
images were taken a t 24 and 48 h w ith a Nikon™  COOLPIX 
CP990 camera. The effects of indirect exposure to the alloy fin
ishing condition was exam ined by the addition o f 2 mL of the 
1, 5, 9 and 14 day im m ersion solutions to TR146 cells in 6 well 
cell culture dishes. Indirectly exposed cells were incubated 
under norm al incubation conditions for 48 h and  visuahzed 
at 24 and 48 h tim e points. A control of TR146 cell m onolay
ers m aintained w ith CM w ith no alloy exposure w as se t up for 
each experim ent (direct and indirect). An additional control 
of TR146 cells exposed to 1% Triton-X 100 solution w as also

included. The morphology of the control and alloy exposed 
cells w ere exam ined for loss of cellular sym metry, presence of 
blebbing, cell de tachm ent and cell death.

2.8. Analysis of cell density by trypan  blue exclusion

The density  of the control and alloy exposed cells (for the 
polished and alum ina particle air abraded discs) were exam 
ined a t 2, 24, 48 and 72 h w ith  the treated  cells counted with 
trypsinized cells and additionally in situ w ith  trypan blue dye. 
The surface area (of the m easured  area) was determ ined and 
calculated for the entire surface area of the well. Cells tha t 
received no alloy exposure were used as the control and the 
experim ent was perform ed in triplicate.

2.9. Analysis o f metabolic activity w ith XTT

In addition to the trypan blue cell counts, a quantitative 
m ethod  of assessing cellular metabolic activity w as employed 
using XTT sodium  salt. A solution containing 0.5 mg/mL XTT 
plus 0.4 mg/mL Coenzyme Qo (2, 3-dimethoxy-5-m ethyl-p- 
benzoquinone) was prepared in DPBS (pH 7.4). Following 24 h 
incubation in 96 well dishes, TR146 cells were exposed to 
IOOjjlL of 1, 5, 9 or 14 day alloy im m ersion solutions gener
ated  for each finishing condition. Cells were then  reincubated 
u nder norm al conditions. The XTT reduction assay was per
form ed (in triplicate) on these cells a t 2, 24, 48 and 72 h 
intervals. After the specified tim e periods, the SFM in each 
of the wells was discarded. A 200 m-L aliquot of XTT solution 
w as added to each well and incubated for a fu rther 24 h. A 
100 (jiL aliquot was placed into a fresh 96 well plate and the 
absorbance was m easured a t 480 nm  w ith a spectrophotom e
ter (Tecan Genios Spectrophotom eter, Unitech Ltd., Dublin, 
Ireland). TR146 cells trea ted  w ith  SFM only were used as con
trols. All sam ples were processed in triplicate on a t least three 
separate occasions.

2.10. Analysis o f cellular toxicity by LDH

Cellular toxicity w as determ ined  by m easuring LDH release 
from TR146 cells w ith  the CytoTox 96® Non-Radioactive 
Cytotoxicity Assay (Promega, Medical Supply Company Ltd., 
Dublin, Ireland). Following 24h incubation in 96 well dishes, 
TR146 cells in SFM were exposed to 100 (xL of 1, 5, 9 or 14 
day alloy im m ersion solutions generated for each finishing 
condition and the cells w ere then  reincubated  u nder norm al 
conditions. At 2, 24, 48 and  72 h tim e intervals, the growth 
m edium  was rem oved and  assayed for LDH con ten t (in trip- 
hcate). For the specified tim e periods (2, 24, 48 and 72h), the 
SFM in each of the wells w as analyzed to elim inate background 
absorbance interference and TR146 cells treated  w ith a 1% 
solution of Triton X-100 in DPBS were used as the control.

2.11. Analysis o f inflam m atory  cytokine release by 
ELISA

TR146 cells were seeded a t 2 x 10^ cells in  2 mL CM in 6 
well plates and incubated  under norm al incubation con
ditions for 24 h. For direct exposure, alloy discs (polished 
and alum ina particle air abraded) were placed onto the
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confluent cell monolayers and incubated for 24 h. Aliquots 
of 1 mL w ere th e n  removed and used im mediately or 
stored at —20°C until required for further testing and 
analysis. For the indirect exposure analysis, 1, 5, 9 or 
14 day alloy im mersion solutions were generated for pol
ished and a lum ina particle air abraded discs and Im L  of 
each im m ersion solution was added to the TR146 cells 
and incubated for a  further 24h. An aliquot of Im L  was 
then  rem oved and  used im mediately or stored at - 2 0 ’’C 
until required for testing and analysis. IL-la, IL-8, PGE2  

and TNF-a EUSAs were performed using the Quantikine® 
Im m unoassay Systems (RnD Systems Ltd., Abingdon, UK) 
according to  the m anufacturer’s instructions. All sam ples 
were processed in triplicate on at least three separate occa
sions.

2.12. Statistical analysis

One- and two-way analyses of variance (ANOVAs) were made 
in GraphPad Prism 4.0 (GraphPad Software, San Diego. CA, 
USA) using a critical significance level of P = 0.05. A one-way 
ANOVA w as performed on the m ean Ra values for the sur
face finishing conditions (polished or alum ina particle air 
abraded) investigated using profilometry. The cell densities 
analyses using trypan blue dye exclusion assay, were inde
pendently reduced to two-way ANOVAs (surface finishing 
condition x time) for the direct and the indirect exposure to 
the surface of confluent cell monolayers. Cellular metabolic 
activity pCTT) and cell toxicity (LDH) were also reduced to two, 
two-way ANOVAs (surface finishing condition x time) for indi
rect exposure of the immersion solutions to the surface of 
confluent cell monolayers. Four two-way ANOVAs (surface fin
ishing condition x exposure method) were used to determine 
the expression of the inflammatory cytokines (IL-la, IL-8, PGE2  

and TNF-a, respectively) for the untreated  control or following 
direct exposure to the d.Sign*10 discs (in the surface finish
ing condition investigated) onto the 2D TR146 cell monolayer 
structures a t 24 h (exposure time).

(a)

i \

( h )  r.

Fig. 1 -  Profilometic analysis of the 100 mm^ area 
coincident with the center of the specimen of the d.Sign'^10 
discs o f in the (a) polished and (b) ediunina particle edr 
abraded surfeice finishing conditions investigated.

3. Results

3.1. Profilometry

The m ean Ra value (and associated standard deviation) of the 
polished discs (0.053 ± 0.023 n,m) were significantly reduced 
(P< 0.001) com pared w ith the alum ina particle air abraded 
discs (1.780 ±  0.186 n,m) of the d.Sign*10 alloy (Fig. 1). The m in
im um  and m axim um  peak heights for the polished discs (0.026 
and 0.170 jjLm, respectively) were also significantly reduced 
(P <0.001) com pared w ith the alum ina particle air abraded 
discs (1.351 and 2.612 (im, respectively).

3.2. Analysis of metal ion release in solution

ICP-MS was performed on im m ersion solutions to determine 
both the profile and quantities of metallic ions released from 
the polished and alum ina particle air abraded d.Sign®10 alloy 
discs fl^ble 1). Nickel was detected in high levels for both 
finishing conditions (>35 iJig/L), however, the 14 day immer

sion solutions from the polished discs contained 361.8 tig/L 
of Ni com pared w ith 105.2 jig/L for the alum ina particle air 
abraded discs. Unexpectedly, copper, which was not listed in 
the m anufacturer’s data sheet, was also present in high levels 
(>120 ^g/L).

Table 1 -  ICP-MS results (i«g/L) for the d.Sign 10 Ni-Cr 
den ta l casting alloy discs in th e  polished and  alum ina 
particle a ir abraded (APAA) surface finishing conditions 
after static im m ersion in SFM for 1, 7 and  14 days at 
room  tem perature.

M e ta ls  d e te c te d Ni Cr Mo Fe Cu

APAA
Day 1 35.1 23.6 17.0 33.1 144.5
Day 7 49.6 21.8 22.9 42.5 124.7
Day 14 105.2 36.1 18.4 49.6 135
Polished
Day 1 68.4 11.47 17.4 52.4 240.7
Day 7 204.5 13.7 27.6 87.5 245.1
Day 14 361.8 13.39 86.68 106.5 240.4
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Fig. 2 -  Morphology of TR146 oral keradnocytes (a) at 
normal (70-80%) confluence at 48 h incubation under 
normal conditions and after (b) direct and (c) indirect 
exposure to d.Sign'̂ 10 alloys discs in the polished surface 
finish condition at 48 h.

3.3. Cellular morphology

M orpho log ical changes were observed fo llo w in g  d irec t and 
ind irec t exposure to  d.Sign®10 a lloy  discs m an ifested  as cell 
d is rup tion  in  th e  fo rm  o f b lebb ing and a loss o f sym m e try  in  
the cu rren t s tudy (Fig. 2).
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3.4. Direct analysis of cell density by trypan blue 
exclusion

Direct and indirect exposure of TR146 oral epithelial cells to 
d.Sign®10 alloy resulted in a significant decrease (P <0.001) in 
cell density using a trypan blue dye exclusion assay for all 
finishing conditions exam ined relative to untreated cell cu l
tures over 72 h  (Table 2). Interestingly the cell cultures directly 
exposed to the polished alloy discs recorded significantly  
reduced cell densities compared w ith alum ina particle air 
abraded discs at 24 (P = 0.002), 48 (P = 0.005) and 72 h  (P = 0.001) 
(Fig. 3a). For cell cultures indirectly exposed to alloy im m er
sion solutions, significant reductions in cell density following  
exposure to the 14 day im m ersion solutions of the polished  
compared w ith alum ina particle air abraded discs for 48 
(P = 0.005) and 72 h  (P = 0.001) were identified (Fig. 4b; Table 2). 
The use o f trypsinized TR146 ceUs for the determ ination of the  
effect o f surface finishing condition on  cell density w as show n  
to be unsuitable due to the artificially high level o f TR146 cell 
death observed and therefore these results were not used.

3.5. Analysis of metabolic activity urith XTT

The 1, 5, 9 and 14 day alloy im m ersion solutions for the alu
m ina particle air abraded and polished finishing conditions 
exam ined resulted in a significant reduction (P < 0.001) in the  
cellular m etabolic activity w ith 2 h exposure (Fig. 5a-d). A lm ost 
all m etabolic activity w as lost following 24 h  exposure to the 1 
day im m ersion solution (Fig. 5a). Following exposure to the 14 
day im m ersion solution, a significant reduction in m etabolic 
activity of cells exposed to the polished alloy discs relative 
to the alum ina particle air abraded discs w as evident at 24 
(P = 0.004), 48 (P = 0.005) and 72 h (P = 0.003) (Fig. Sd).

3.6. Analysis of cellular toxicity by LDH

LDH release from keratinocytes exposed to the alloy im m er
sion solutions w as assessed  as a marker for cellular toxicity. 
The 1, 5, 9 and 14 day alloy im m ersion solutions for the pol
ished and alum ina particle air abraded d.Sign®10 discs caused  
significant release o f the LDH enzym e from the TR146 cells 
at 48 (P<0.001 and P <0.001, respectively) and 72h  (P<0.001 
and P < 0.001, respectively) compared w ith the treated controls 
(Fig. 6a-d). W hile LDH release levels increased over tim e sig 
nificantly higher levels were recorded from cells exposed to 
the 1, 5, 9 and 14 day alloy im m ersion solutions of the pol
ished discs at 48 (P< 0.001) and 72 (P< 0.001) compared w ith  
alum ina particle air abraded discs (Fig. 6a-d).

3.7. Analysis of inflammatory cytokine release by 
ELISA

The release of the inflammatory cytokines IL-la, IL-8, PGE2  and 
TNFa assessed  by ELISAs in the current study are presented in 
Fig. 7. Cells directly exposed to the alloy discs at the finishing 
conditions investigated elicited significantly higher secretion  
levels (P<0.0001) for each of the four cytokines (IL-la, IL-8, 
PGE2 and TNFa) relative to cells indirectly exposed to 1 day 
im m ersion solutions. In addition, cells directly and indirectly 
exposed to the polished discs elicited significantly higher lev 

e ls (P< 0.005 and P< 0.005, respectively) for each o f the four 
cytokines investigated relative to the alum ina abraded discs 
(Fig. 7a-d).

4. Discussion

The aim  of the current study was to a ssess the influence 
o f surface finishing condition on the biocom patibility of a 
Ni-Cr alloy (d.Sign*10). The rationale for choice of Ni-Cr 
dental casting alloy was that a m inim um  chromium con
ten t (16-27 mass%), for improved formation of protective 
surface oxides and therefore adequate corrosion resis
tance, was suggested in the dental literature [2,8,18,28-32], 
However, d.Sign®10 is routinely used in  dental laborato
ries for the production of crowns, short and long spans 
bridges, posts and telescope crowns, yet the chrom ium  con
ten t is below the m inim um  recom m ended at 12.7mass%. 
As a result, d.Sign*10 is potentially more susceptible to 
corrosion and therefore possibly more likely to release 
m etallic ions in solution, thereby influencing biocom pati- 
bility [2]. The surface finishing condition has rarely been  
investigated in the dental literature and surface finishes 
equivalent to the clinical condition are rarely used w hen  
evaluating biocompatibility [2,8,13,18,28,33]. The majority of 
publications on the biocom patibility o f Ni-Cr dental cast
ing alloys are performed on salt solutions [4,16,21-23,34,35] 
rather than the cast alloy in the surface finish equiva
len t to the clinical condition as conducted in the current 
study.

The potential for Ni-Cr dental casting alloys to release 
and distribute leachable elem ents or corrosion products into 
the adjacent gingival tissu es is critical [5] in term s of their 
performance in uiuo. The finishing condition of Ni-Cr den
tal casting alloy w as considered to be a critical factor in the 
current study w ith the surface roughness postulated by the 
authors to be linked to increased m etallic ion leaching poten
tial. Polishing should allow for the uptake of atm ospheric 
oxygen by the exposed surface possibly acting as a ‘non- 
conductive barrier’ to electron flow [1]. In the current study, 
the m ean Ra value for the polished condition w as signifi
cantly decreased (30-fold) com pared w ith the alum ina particle 
air abraded condition (P< 0.001) suggesting that the polished  
surface should have a greater ‘nonconductive barrier’ to e lec
tron flow from the uptake of atm ospheric oxygen by the 
exposed surface during polishing in accordance w ith the find
ings of Roach et al. [Ij. However, in the dental literature, 
alterations in the finishing condition caused by sim ulation  
porcelain firing has been previously reported as being linked 
to exacerbated corrosion and increased m etal ion release 
[1,2,13,14].

Accurate quantification of the d.Sign®10 alloy com ponents 
leached from the discs were analyzed in the current study by 
ICP-MS which is capable o f the determ ination of a range of 
m etals at concentrations below  one part in 10^ .̂ The current 
study highlighted that polished d.Sign®10 alloy discs released 
significantly higher am ounts of nickel (three-fold increase), 
m olybdenum  (five-fold increase), iron (two-fold increase) and 
copper (two-fold increase) into the 14 days im m ersion solu
tion compared w ith alum ina particle air abraded discs. It
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Fig. 3 -  Oral epithelial cells directly exposed to d.Sign^lO discs in the polished and alumina particle air abraded surface 
finishing conditions which were investigated for viability using the trypan blue dye exclusion assay at 2, 24, 48 and 72 h 
time intervals. The control TR146 cells were not exposed to die alloy discs and incubated imder normal conditions.

is suggested that the finishing condition of the Ni-Cr den
tal casting alloy is critical and was therefore identified to be 
linked to increased metallic ion leaching potential. This high
lights the care dental laboratories need to take when finishing 
dental alloys that are clinically placed in direct contact with 
the gingival and subgingival tissues for prolonged periods of 
time.

The ICP-MS results confirmed the findings of Bumgard- 
ner and Lucas [8,28], highlighting metal ion release was not 
proportional to alloy composition since the presence of trace 
elements in the alloy composition (<1 mass%) was significant 
with iron being detected at 106.5 and 49.6 (ig/L in the 14 day 
immersion solutions for the polished and alumina particle 
air abraded discs, respectively. One deficiency of AAS is that 
detection of metal ions of interest requires the operator to test

for them, whereas in the current study, unexpectedly, high lev
els of copper (which is not listed in the manufacturers’ alloy 
data sheet [25]) were detected at 240.4 and 135.0 jig/L in the 14 
day immersion solutions for the polished and alumina particle 
air abraded discs, respectively. Therefore, ICP-MS is a pow
erful analytical technique enabling additional elements not 
previously considered to be identified which may contribute 
significantly to the biocompatibility of the Ni-Cr dental casting 
alloys.

The biocompatibility of d.Sign®10 was assessed on epithe
lial cell TR146 monolayers by determining cell density and 
morphology, cellular metabolic activity, cellular toxicity and 
immunological cytokine profiles in response to exposing the 
cells directly (to the alloy) or indirectly (to the alloy immersion 
solution).
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Fig. 4 -  TR146 oral keratinocytes treated with the (a) 1 day and (b) 14 day inunersion solutions of the polished and alumina 
particle air abraded d.Sign'^10 discs. Cell viability was determined using the trypan blue dye exclusion assay at 2, 24, 48 and 
72 h time intervals and the control TR146 cells were not exposed to the alloy discs and incubated imder normal conditions.
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Fig. 5 -  The relative metabolic activity values determined using the XTT assay on TR146 oral keratinocytes treated with 
immersion solutions of the polished and alumina particle air abraded d.Sign®10 discs at (a) 1 day, (b) 5 days, (c) 9 days and 
(d) 14 days. The control TR146 cells were not exposed to the alloy discs and incubated under normal conditions.

4.1. Direct analysis o f  cell density by trypan blue 
exclusion

A significant loss of TR146 oral epithelial viability was 
observed for both direct and indirect exposure to d.Sign®10 
alloy discs compared with untreated TR146 controls which is 
in contrast with the results of Bumgardner and Lucas [8,28] 
who observed similar cell viability for human gingival fibrob
lasts exposed directly to the Ni-Cr dental casting alloys after 
24 h [28] and after 24,48 and 72 h [8]. Additionally, Bumgardner 
and Lucas [8,28] identified normal spindle-shaped fibroblasts 
(similar to the controls) following direct exposure to a Ni-Cr 
dental casting alloy which was not in agreement with the 
morphological changes, manifested as cell disruption in the 
form of blebbing and a loss of symmetry (Fig. 2), observed in 
this study following direct and indirect exposure to d.Sign®10 
discs. While the current study is unique in reporting cell dis
ruption in the form of blebbing and a loss of symmetry for 
cells exposed to Ni-Cr casting dental alloy discs, a similar find
ing of morphological disruption was described by Bumgardner 
and Lucas [8,28] who observed hum an gingival fibroblastic 
monolayers undergoing significant cell rounding and a criti
cal loss of cell attachm ent after 24 h [28] and 24, 48 and 72 h 
[8] when directly exposed to pure nickel discs. It is postulated 
that the significant loss of cell density and the morphological 
changes observed in the TR146 epithelial cells (when exposed

both directly and indirectly to d.Sign®10 alloy discs) were the 
result of the reduced chromium content (<16 mass%) which 
increased the susceptibility of the alloy to metallic ion release 
in solution [2] as shown with ICP-MS.

At the time points 24, 48 and 72 h, direct exposure of 
the polished alloy discs significantly reduced TR146 cell den
sities compared with alumina particle air abraded discs. It 
is suggested that TR146 cell response to exposing the cells 
directly (to the alloy disc) rather than indirect exposure (to 
the immersion solutions) more accurately reflects the clinical 
situation. Clinically, direct contact of the Ni-Cr dental cast
ing alloy with the gingival and subgingival tissues is manifest 
as inflammation within 24 h of placement in nickel sensi
tive individuals. Therefore the nature of the inflammatory 
clinical response suggests that direct contact of the cells 
(to the alloy disc) would be more aggressive than indirect 
exposure (to the immersion solutions) as observed in the cur
rent study. Interestingly when the TR146 cells were indirectly 
exposed to alloy immersion solutions, the most significant 
reductions in cell density occurred following exposure for 
48 and 72 h, to the 14 day immersion solutions of the pol
ished discs compared with the alumina particle air abraded 
discs. The ICP-MS analysis for the 14 day immersion solutions 
for both finishing conditions highlighted that polished alloy 
discs of d.Sign®10 released significantly higher amounts of 
nickel (three-fold increase), molybdenum (five-fold increase).
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Fig. 6 -  TR146 oral keratinocyte toxicity levels determined by the LDH assay in response to treatment with immersion 
solutions of the polished and alumina particle air abraded d.Sign'^10 discs at (a) 1 day, (b) 5 days, (c) 9 days and (d) 14 days. 
The control TR146 cells were treated with a solution of 1% Triton-X 100 and incubated under normal conditions.

iron (two-fold increase) and copper (two-fold increase) into 
the surrounding m edium  com pared w ith the alum ina particle 
air abraded discs. It is postu lated  th a t a low level population 
of TR146 cells rem ained metabolically active for the dura
tion of the experim ent (2-72 h) w hich would account for the 
cellular metabolic activity observed a t day 14. The previous 
postulation of the authors th a t the finishing condition of 
Ni-Cr dental casting alloy was critical and therefore linked 
to increased metallic ion leaching potential w as therefore 
accepted. Interestingly, according to Roach e t al. [1] a pol
ished surface finishing condition should allow for the uptake 
of atm ospheric oxygen by the exposed surface, thereby acting 
as a 'nonconductive barrier’ to electron flow w hich was not 
identified in the findings of the current study.

4.2. Analysis of metabolic activity w ith  XTT

Emplojang m itochondrial dehydrogenase activities (MTT), 
Curtis e t al. [23] observed significant decreases in m itochon
drial activity betw een keratinocytes exposed to nickel and 
chrom ium  salt solutions after 24 h w hich was in  line w ith the 
current findings where all metabolic activity w as lost following 
24 h exposure to the 1 day im m ersion solutions. Conversely, 
Issa e t al. [36] exam ined the m etabolic activity of a Ni-Cr den
tal casting alloy over 24 and 48 h using MTT and identified 
no significant decreases in activity com pared w ith untreated  
controls for the tim e points exam ined although Issa e t al.

[36] used a Ni-Cr alloy w ith a chrom ium  con ten t of 25 mass%. 
Schmalz e t al. [6] and Trombetta e t al. [16] used  the MTT assay 
and TR146 keratinocyte cells to assess metabolic responses to 
nickel chloride (NiCl2) salts. At 24h [6] and 72h  [16] a signifi
can t reduction in metabolic activity was identified com pared 
w ith the un treated  healthy control w hen the concentration  of 
the salt solution was increased above 20 mM [6] and 1.3 mM 
[16]. Employing the sam e cell line [6,16], nam ely TR146 ker
atinocyte cells, the authors of the current study identified a 
significant decrease in metabolic activity a t 24, 48 and 72 h 
exposure to the 14 day im m ersion solutions of the d.Sign®10 
discs using XTT. Interestingly, the polished discs had  sig
nificantly decreased metabolic activity com pared w ith the 
alum ina air particle abraded discs following exposure to the 
14 day im m ersion solutions for the tim e points exam ined (24, 
48 and 72 h) and the authors suggest the decreased metabolic 
activity for the polished discs could be accounted for by the 
increased m etal ion concentrations assessed using ICP-MS 
(Table 1).

The m ajority of the metabolic assay studies reported in the 
dental literature investigating the biocom patibility of Ni-Cr 
dental casting alloys [2,36-39], focus on the responses of 
connective tissue (fibroblasts) as opposed to epithelial tis
sue (keratinocytes). Gingival keratinocytes are the prim ary 
tissue th a t m etal ions encounter in the oral cavity w hen 
released from Ni-Cr dental casting alloys [38]. As keratinocyte 
metabolic activity is an  integral factor in  norm al cellular
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Fig. 7 -  Boxplot analysis of (a) IL-la, (b) IL-8, (c) PGEj and (d) TNF-a inflanunatory cytokine expression 0n pg/mL) from the 
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alumina partide air abraded (APAA) and clinically relevant polished (polished) surface finishing conditions at 24 h.

function, any disruption observed will induce both cellular 
toxicity and immunological responses and therefore ker- 
atinocyte metabolic activity in the opinion of the authors 
more accurately reflects the clinical situation. Additionally 
most studies in the literature employ MTT as opposed to XTT 
to assess cellular metabolic activity. However, XTT has been 
shown to be more sensitive and reproducible than MTT [40] 
although XTT is more time consuming taking up to 18 h to pro
duce a result for the TR146 cells used (compared with 30 min

for MTT) which may account for the lack of studies employing 
the technique in the dental literature.

4.3. Analysis of ccllular toxicity by LDH

The release of the intracellular cytosolic enzyme LDH from 
keratinocyte cells provides an accurate and repeatable mea
surement of cellular toxicity [36]. The release of LDH as 
observed in the TR146 cells treated with 1, 5, 9 and 14
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day alloy immersion solutions for the polished and alumina 
particle air abraded d.Sign*10 discs tested at 48 and 72 h iden
tified significant levels of LDH leakage which is indicative 
of cellular toxicity when compared with the treated con
trols (Fig. 6). LDH leakage levels from the epithelial cells in 
response to the polished d.Sign*10 discs were significantly 
higher than those detected from the alumina air particle 
abraded discs which is attributable to the metal ion levels 
present in the immersion solutions. The LDH release levels 
would therefore confirm the previous findings from the try
pan blue exclusion assay (Figs. 3 and 4) and the XTT metabolic 
assay (Fig. 5) regarding surface finishing condition. Elemen
tal metal ion levels were significantly higher in the polished 
alloy immersion solutions compared with the alumina par
ticle air abraded disc immersion solutions at 24 h (Table 1). 
Additionally, the metal ion release levels assessed using ICP- 
MS for the finishing conditions tested appear to correlate LDH 
release levels as metal ion release into the immersion solu
tions fTable 1) increased with time (from 1 to 7 and 14 day 
immersion).

4.4. Analysis of inflammatory cytofeine release by 
EUSA

The release of the inflammatory cjrtokine IL-la is a marker 
for the inducement of inflammation [40] while PGE2  is a 
marker for inflammation up-regulation [16] and TNF-a is 
also present where significant inflammation is present in 
epithelial cells [24]. Each inflammatory cytokine assessed 
was detected and quantified using a sandwich ELISA tech
nique at 24 h to determine the TR146 cell response following 
direct (to the alloy disc) or indirect (to the immersion solu
tions) exposure. TR146 cells directly exposed to the alloy discs 
elicited significantly higher secretion levels IL-la, PGE2  and 
TNF-a relative to cells indirectly exposed to the 1 day immer
sion solutions suggesting a significant inducement (IL-la), 
up-regulation (PGE2 ) and presence (TNF-a) of inflammation. 
These results confirm the observations for the TR146 oral 
epithelial cell viability study earlier and the clinical manifes
tation in nickel sensitive patients where direct contact with 
the gingival and/or subgingival tissues results in inflamma
tion within 24 h of restoration placement. The polished discs 
had significantly increased inducement (IL-la), up-regulation 
(PGE2 ) and presence (TNF-«) of inflammation markers com
pared with the alumina air particle abraded discs following 
both direct (to the alloy disc) or indirect (to the immer
sion solutions) exposure for 24 h. The authors suggest the 
increased release of the inflammatory cytokine markers (IL- 
la , PGE2  and TNF-a) for the polished discs could be accounted 
for by the increased metal ion concentrations identified using 
ICP-MS fTable 1). Correlations with previous studies in the 
literature are difficult to interpret since studies investigat
ing IL-lo [23,41], PGE2  [6.16] and TNF-a [24] inflammatory 
cytokine release were performed exclusively on nickel and/or 
chromium salts [23], on a variety of epithelial and immuno
logical cells [6,16,23,24,39,41-43], over a range of time periods 
up to 72h [9,41,42]. IL-la detection was significant following 
24 h exposure to chromium salts (>500 jiM) but no signifi
cant detection was observed for nickel salts (0.01-10,000 nM) 
[23]. For PGE2 , inflammation up-regulation of the order of

200-300-fold increase compared with the untreated TR146 
cells at 24 h occurred after exposure to 10 mM NiCl2  [6], while 
TVombetta et al. [16] highlighted a significant inflammation 
up-regulation at 72 h when the concentration of the nickel 
salt was increase above 1.3 mM compared with untreated 
TR146 cells. While the results for the inflammatory cjrtokine 
release of IL-la, PGE2  and TNF-a following direct or indirect 
exposure to d.Sign*10 discs do not correlated well with the 
literature, it is suggested that the use of salt solutions may 
not accurately reflect the clinical situation given the metallur
gical complexity of dental alloys where numerous elemental 
ion release profiles exist as outlined in the ICP-MS results 
(Table 1).

IL-8 is an inflammatory cytokine for chemotaxis in innate 
immunity whereby epithelial cells send distress signals to the 
immune system by the inducement of specific immunological 
molecules (monocytes, macrophages and polymorphonuclear 
neutrophils [6]) to the site of damage. TR146 cells directly 
exposed to the alloy discs elicited significantly higher IL- 
8 secretion levels relative to cells indirectly exposed to 
the 1 day immersion solutions which confirm the TR146 
cell viability, inflammation inducement (IL -la), up-regulation 
(PGE2 ) and presence (TNF-a) studies. Additionally, higher IL- 
8 secretion levels were highlighted for the polished discs 
compared with the alumina air particle abraded discs (direct 
or indirectly exposed for 24 h) suggesting the increased 
metal ion concentrations of the polished discs identified 
using ICP-MS (Table 1) were responsible. Comparisons IL- 
8 secretion levels with studies employing salt solutions 
are impossible with IL-8 secretion levels increasing 4-5-fold 
[6] or not increasing [16] for the TR146 cell line investi
gated.

The inflammatory cytokine TNF-a is an indicator of 
apoptotic cell death which can be considered as the end
point for severe inflammation [24]. In line with the TR146 
cell viability, inflammation inducement (IL-la), up-regulation 
(PGE2 ), presence (TNF-a) and chemotaxis (IL-8 secretion) 
studies, cells directly exposed to the alloy discs elicited sig
nificantly higher levels indicative of chronic inflammatory 
disease relative to cells indirectly exposed to the 1 day 
immersion solutions. Similarly, polished discs elicited sig
nificantly higher levels indicative of chronic inflammatory 
disease compared with the alumina air particle abraded 
discs (direct or indirectly exposed for 24 h) suggesting the 
increased metal ion concentrations of the polished discs 
identified using ICP-MS (Table 1) were responsible for the 
apoptosis. The results for the inflammatory cytokine TNF-a 
correspond well with the LDH studies as a measurement of 
cellular toxicity which appears to confirm the TNF-a results 
reported.

In conclusion, the current findings demonstrate that 
polished d.Sign*10 discs directly or indirectly exposed to 
TR146 cells significantly alter cell density, cell morphol
ogy, cellular metabolic activity, cellular toxicity levels and 
inflammatory marker responses compared with alumina par
ticle air abraded discs. Therefore the finishing condition of 
the Ni-Cr dental alloy investigated has important clinical 
implications. The approach of employing cell density and 
morphology, metabolic activity, cellular toxicity levels and 
inflammatory marker responses to TR146 epithelial cells com-
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