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ABSTRACT

In the field of Paediatric Dentistry, brushite cement has potential as an
endodontic medicament and bone substitute material. Clinical applications
however are limited due to their inherent properties, such as rapid setting time
and poor mechanical properties. Antimicrobial e.g. chlorhexidine (CHX) could be
incorporated into the cement for localised drug release. Aim and objectives:
The aim of this study was to assess if partial replacement of citric acid (CA) by
polyacrylic acid (PAA) can improve the properties of conventional brushite
cements. The objectives were to assess the effects of varying PAA and CHX
concentrations in brushite cements on their setting kinetics, final composition,
microstructure of the cement, mechanical properties, degradation and CHX
release profile. Materials and Methods: The cements consisted of equimolar 3-
tricalcium phosphate and monocalcium phosphate monohydrate (3-TCP/MCPM)
and 6 or 11% (w/w) CHX. The liquid phase consisted of aqueous 800 mM CA
and PAA solution at different ratios. Compositions with no CHX and/or PAA
were used as control cements. Setting kinetics and final composition were
determined using FTIR and Raman spectroscopy respectively. Brushite
microstructure was examined using scanning electron microscopy. The cements
were tested for microhardness and biaxial flexural strength (BFS). CHX release
was gquantified with UV spectroscopy and degradation by mass loss. Results:
The setting times for compositions with PAA were delayed by up to 12 hours.
FTIR indicated formation of dicalcium citrate and polyacrylate complexes could
delay brushite formation. High CHX content inhibited the acid retarding effects
and complex formation. Raman mapping demonstrated discrete regions of
brushite and CHX in all set cements. Microscopically, PAA addition resulted in
denser and less porous structure. The BFS ranged from 5.8 £+ 1.3 MPa to 11.1 +
1.2 MPa. CHX incorporation resulted in reduced BFS and modulus whilst PAA
addition increased it. The average mass change was significantly different
between compositions with and with no chlorhexidine; 12% and 0.2%
respectively at the end of study period. The daily degradation rate ranged from
0.1 + 0.03 wt% to 0.6 + 0.15 wt%. PAA presence reduced CHX release from
more than 90% to less than 20% over 4 weeks. Conclusion: PAA substantially
slowed the setting reaction and chlorhexidine release characteristics, altered the
final brushite crystal microstructure, increased mechanical properties but did not

affect the degradation kinetics.



ACKNOWLEDGEMENTS

Alhamdulillah, after 3 years, | have managed to obtain the Clinical Doctorate
(DDent) in Paediatric Dentistry. First of all, my sincerest gratitude to my parents
for their undying support throughout this journey, without which would have not
been possible. Also to my beloved family (Along, Pian, Ira, Abang Mahazan,
Yasmeen, Arif, Nana and Afig) who have always been my strength and
motivation to keep me going during challenging times. What | had achieved here

in Eastman Dental Institute, London is dedicated to them.

My deepest gratitude first goes to my supervisors Dr Anne Young and Dr Paul
Ashley for their excellent guidance and invaluable assistance which enable me
to complete my thesis successfully. A special thanks to Dr Susan Parekh for her
continuous support and encouragement throughout the DDent programme. |
would also like to thanks Dr Ensanya Abou Neel, Dr Graham Palmer and Dr
Nicky with their help in my experimental works, for which | am much obliged..

Then to my all DDent colleagues, Mashael, Mohammed, Naz, Terry, Omar,
Ibtesam, Nabilah, Jehan, Abeer, Sanaa, Mazlina, Azlina, Nadaa, Elly and
Hussain. Not to forget Hillary, Sonia, Amal and dearest Sumathy. All of you will
always be on my mind. Thanks for making this 3 years of my life enjoyable and

less stressful with all the laughter. Thank you so much guys!!!

| would also like to honour all the people that | have met throughout my time
here in Unit of Paediatric Dentistry, Eastman Dental Institute/Hospital for their

lovely companionship.

A special thank you goes to all my Malaysian friends that | met in London and

United Kingdom.

Last but not least, thank you to Dr Ganasalingam Sockalingam and Dr Jamilah
Omar for who have always inspired me to specialise in this field. Finally, to my
sponsor the Ministry of Health Malaysia for scholarship and study leave, both

are gratefully acknowledged.



Table of Contents

DECLARATION OF ORIGINALITY 1.ttt e e e e e e e 5
AB ST RA C T .ttt ettt ettt e e e e e ettt et e e e e e e et bttt eeee e e e e nnbeteeeeeeeaeannbreeeeaeeeaaanane 6
ACKNOWLEDGEMENTS. ..ottt e ettt e e e s ettt e e e e e e s s snnbeeeeaaeeesannnnes 7
TABLE OF CONTENTS ..otiiiiiiiee ittt e ettt e e e e e e s s sttt e e e e e e s s snnnbeeeeeaeeesannnnes 8
LIST OF FIGURES ...ttt ettt e e e e st e e e e e e s enbnbeeeeaaeeeas 11
LIST OF TABLES ..ottt e e e e e bnbaee e e e e e s 15
ABBREVIATIONS ...ttt ettt e e e e e st r et e e e e s annbenreeeeeeeaannes 16
CHAPTER L.t e e e e e et e e e e e s e e n e eas 19
1.0: INTRODUCTION ...ttt ettt e e e e e st e e e e e e e s enbnbeeeeaaeeeas 20
11 STATEMENT OF THE PROBLEM ....uuuitiiiiiiititiiitiiitiin s 20
CHAPTER 2.ttt e e e e e bbb e e e e e s e anba e e eas 22
2.0 LITERATURE REVIEW ..ottt 23
2.1 INTRODUCTION ... s 23
2.2 SEQUEALAE OF DENTAL TRAUMA .uuittiitt ettt eetie ettt e et te st e s et sestesabsstasesanesstessnessnnns 23
2.2.1 LSS OF VITAIILY ....cveeiece ettt ettt 27
2.2.2 Arrested root deVelOPMENT........ccvii i 27
2.2.3 Replacement reSOIPLION .......cciveiie ettt et et raesrees 29
2.2.4 Premature t00Th 10SS.........coiiiiiiieiee s 29
2.2.5 Alveolar DONE reSOIPLION ........civiiiirieiere s 30
2.3 MANAGEMENT OF THE TRAUMATISED TOOTH ...uuuuuuuiaeees s 31
2.3.1 Management of CrOWN fraClUure...........ooviiiiiiiie s 31
2.3.2 Management of immature teeth with non- vital pulp ..........ccoeoviniinnii, 32
2.3.3 Management of replacement reSOrPLioN ...........coeveirirninenesee s 33
2.3.4 Management of alveolar bone preservation. ............cccoccevvveve e 34
2.4 PROBLEMS WITH CURRENT TECHNIQUES FOR MANAGING TRAUMA .....ccuviivneiiiieeieinnnns 36
2.4.1 CalCium HYArOXIAE .......cieeiieeiieeiie ettt et r e ste e naesneas 36
2.4.2 Mineral trioXide agQregate .......ccceccuiiieiieiieitieie e e e e ste e rte et e et sae e ae e snes 37
2.4.3 Alveolar bone loss preservation and grafting technique ...........cccccoevieiicve e, 38
2.5 BRUSHITE CEMENT AS A POSSIBLE ENDODONTIC OR BONE GRAFT MATERIAL ............... 40
2.6 BRUSHITE CEMENT ... s 41
2.6.1 Calcium orthOPhOSPNALE........cciiiiciiee s 41
2.6.2 Calcium PhoSPhate CEramICS. ... ...ueiiiiiirieiiiriee e 43
2.6.3 Calcium Phosphate CeMENTS ........ccciiiiiirieiiirieeie e 43
2.6.3.1 BruShite COMENTS .....eviieiieieiseeeieie e te et e et e see s e e ste e e e e seestesaesneereeneeseeneenes 44
2.7 PROPERTIES OF BRUSHITE CEMENT .....uuuttiitereesiiseeteeeresessssssnrenesssessssnsssnnesesesesannsnns 45
2.7.1 Brushite Cement Setting REACTION .........coiiiiiiiiiiree s 45
2.7.2 Mechanical Properties of Brushite CEMENTS ..........cccoeveriiieniiie e 47
2.7.3 DEOIAUALION. .....ciueiiieiiieee ettt bbbttt bbb bt ae e e 47
2.7.4 Brushite cement as a drug delivery SYSTEM ........ccooviiiiiniiieee e 48

2.8 CHLORHEXIDINE RELEASING, POLYACRYLIC ACID — MODIFIED BRUSHITE CEMENT FOR
DENTAL APPLICATIONS .11t tttteettesutttteeteeesesassssteeeeeeesesasssstaneseaesssaassnsaneeesesssanssssnneeeeesssnnnsnse 49
2.8.1 ChIOTNEXIAINE ....ceveeiiiiece ettt ettt be e ebe e ebe e eaeas 49
2.8.2 POIYACTYIIC ACIA ...ttt 50
2. 9 HYPOTHESIS .. s 51
2. 00 AV s 52
CHAPTER 3ttt e e e e ettt et e e e e e e st b be e e e e e e e e ennbeeeeeas 53
3.0: MATERIALS AND METHODS ......coiiiiiiiiiiete ettt e e 54
BLL BACKGROUND ...t et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaaaaaeas 54
BL2MATERIALS ..o 54
3.3 CEMENT AND DISC PREPARATION ....eiiiiitieieeeae e e e e e e e e e e e e e e e e e e e e e e e 54



3.4 STUDY ON SETTING KINETIC, FINAL COMPOSITION AND MICROSTRUCTURE .................. 58

3.4.1 Setting reaction KINELIC .......ccviiveieiieiise et se e st sre e 58
3.4.2 Final cOMPOSItioN STUAY .......ccviieeieieicie et 61
3.4.3 Microstructure study Of SEt CEMENT .........curiiiiiiciree s 63
3.5 MECHANICAL PROPERTY STUDIES......ceitiiiiieieeee e 65
3.5. 1 HAIANESS STUAY ....vvvieeiiciiieeieeiere ettt 65
3.5.2 Biaxial flexural strength and modulUs.............coeiiiiiiiinin s 68
3.6 DEGRADATION, PH SOLUTION AND DRUG RELEASE STUDIES ......ccceiiiiiiiiieieaeaeeeeeeeeene 72
3.6.1 Degradation STUAY ...........ccoeriiirieiiinieieiesieeei sttt sr e 72
3.6.2 PH SOIULION STUAY ....vevveeciesie ettt sre e 72
3.6.3 Drug release STUAY .........cceiueiiiieeieiesc et sa et e e ne e 74
3.7 ERROR ANALYSIS 1.tttteiiuttieeesitteeessstaeeessstaeeessstaeassasteeesssntseeessnsseeessseeeessnssnesssnseeessanns 74
CHAPTER 4 ..ottt ettt e e ettt e st e e s st e e e s saa e e e s ensaeeesnnsaeee s 76
4.0: RESULTS | — SETTING KINETIC, FINAL COMPOSITION AND
MICROSTRUCTURE ..ottt e e e e e s e e e e e e aaa b e e e e aeeeerenen 77
4.1 SETTING KINETIC «.eitiiiiiiiiiiitieitititieeeteee ettt et eeeeteeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeeeeessesseeannnnes 77
4.1.1 Reference SPectrum fOr FEACLANTS .........ccviiriririiree e 77
4.1.2 SEHING FEACLION ...ttt bbb 80
4.1.3 DiffEreNCE SPECLIA. .....eueiuiiiieiiiteietirt e 85
4.1.4 REACTION EXIENT ...cuviiii ettt ettt e et e e be e aesreesreesbeesbeenbeenns 91
4.2 FINAL COMPOSITION . ..cettttttttieieteetereetteeeeeeeeeeteeeeeeeeeeeeeeeeeeeeeeeeeeseessseseseseesessssesssssnsnnes 96
4.2.1 Raman referenCe SPECIIA .......ccveiiieiiie ettt sre e e ae s 96
4.2.2 Final composition mapping and SPECLIa.........ccccvveiievieeiieiiereese e 97
4.3 MICROSTRUCTURE STUDY OF THE SET CEMENT ..cccvvttteererereeeeeeeeeeeeeeeeeeeenneesnsennnsnnnne 103
4.3.1 Microstructure of BIrUSNITE ..o i 103
4.3.2 Polyacrylic acid effects on cement miCroStrUCIUre ........ccocovvevieiieiiecieceece e, 103
4.3.3Chlorhexidine effects on cement MICrOSIIUCIUIE .......cccveveierieriere e 103
4.3.4 Combination effect of polyacrylic acid and chlorhexidine on cement microstructure
........................................................................................................................................... 104
CHAPTER 5 ..ttt et e e et e e et e e s et e e e e st e e e e nbee e e e nneeas 114
5.0 RESULTS Il - MECHANICAL PROPERTIES STUDIES.........cccocveiiiiiieeeiiee e 115
DL HARDNESS. .. ttttetittteee e ettt e e ettt e e st e e sttt e e s ae e e e e saee e e e aaaeeeesaate e e e s anaaeeeannnae e e e anrneenn 115
5.1 EffECE OF M .. b 115
5.1.2 RESUIS AL 1 NOUK ...t bbb 116
5.1.3 RESUILS Bt 24 NOUFS.....ecuiiiiiiiie ettt bbbt 116
5.2 BIAXIAL FLEXURAL STRENGTH ...uuuuuuuuuuuuiniii s 118
5.3 BIAXIAL FLEXURAL IMODULUS .....uuiiiiiii s 119
L8 1 e I o TSRS 121
6.0: RESULTS Il - DEGRADATION, PH SOLUTION AND DRUG RELEASE STUDIES
...................................................................................................................................... 122
6.1 DEGRADATION STUDY ..uuuuuuuuununnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 122
B.1.1 IMASS CRANGE ...ttt ettt ettt ettt nre e 122
6.1.2 DEGradation FALE .........covierieiiierieicie ettt ettt et er e 122
6.1.3 WALEE SOFPLION ...ttt bbbt nee e 122
6.2 PH SOLUTION STUDY ...t s 125
6.3 CHLORHEXIDINE RELEASE PROFILE .....uuuuuuiuiuiuiuian s 126
6.3.1 Calibration Curve of Chlorhexiding ............ccccooieiieiiciece e 126
6.3.2 Calculation of Chlorhexiding release ..........ccevveveeiicii i 127
(O 1 I = PPN 129
7.0 DISCUSSION ....cuiiiiiiiiite ittt sttt e st e st e e st e e s ansbe e e e s sbeeeessbeeeeasteeeeennnees 130
7.1 SETTING KINETICS, FINAL COMPOSITION AND MICROSTRUCTURE ...eevviiiiiieeeiiiieeeens 130
A8 1=t g o T ST 1= oSS 130
7.1.2 Final chemistry of the CEMENTS ......ccvciieeice e 134
7.1.3 Scanning electron MicrosCopPe (SEM)......c.cveiirerieniiieeieeenese e st e 134



7.2 MECHANICAL PROPERTIES OF BRUSHITE CEMENT .....uuuuiii s 136

R R o P Y 0 [1< 136
7.2.2 Biaxial flexural strength and modulusS...........ccccevieiiriecicieicc e 137
7.3 DEGRADATION AND CHLORHEXIDINE RELEASE ......uiiittiiiiiiiiieeiiieeieesieesiesaieeaneeens 138
7.3. 1 DEGIATALION ......cviiiitieeiiete ettt ettt b et r e 138
7.3.2 Chlorhexiding Release KINELICS ........ueviiciiie it 139
(08 AN e I R 142
8.0 CONCLUSION ...c ettt e et e e s e e e e et e e s eaa e e rab e e eeaanes 143
8.1 SETTING KINETICS, FINAL COMPOSITION AND MICROSTRUCTURE .......civviiiiieiiniiinnes 143
8.1.1 Setting time and reaction KiNEICS .........ccccvvieiiiiie s 143
8.1.2 Final composition of the CEMENT..........coviiiiie e 143
8.1.3 Microstructure 0f the CEBMENT........cciiiiiicee et 144
8.2 MECHANICAL PROPERTIES. . ituiiitiitii ittt s et e et s et e s e e st e sa s st e e saesaaans 144
8.2.1 HArdNESS SLUAY .....eevvieiieiieiee et se ettt ste e sae e e e e neesneenneenreens 144
8.2.2 Mechanical properties of the CEMENt............ccocievieii e 144
8.3 DEGRADATION, PH AND DRUG RELEASE......ccuuiiitiiitiiiiieeiiie e s e eaisesanessisesaesannas 144
8.3. 1 DEGIATALION ......c.eiiitiieeiicte ettt ettt 144
8.3.2 PH SOIULION STUAY ...ttt 144
8.3.3 Chlorhexiding release StUY ..o 145
(08 A I = S 146
9.0 FUTURE RESEARCH ..ottt s et e e e eaa s 147
9.1 DETERMINATION OF CEMENT POROSITIES .1uuiituiiittiiiiiiiieeetiiertneisieesniersnesstsesnessnnns 147
9.2 DETERMINATION OF THE ANTIBACTERIAL ACTIVITY OF CHLORHEXIDINE RELEASING
POLYACRYLIC ACID- MODIFIED BRUSHITE CEMENT . 1uuiituiiitiieitiieteestiersneesteessersnessnenens 147
9.3 INVESTIGATION OF MODIFIED BRUSHITE CEMENT ON ADHESION TO DENTINE AND BONE.
.................................................................................................................................. 148
9.4 COMPARISON TO MINERAL TRIOXIDE AGGREGATE (MTA) AS ENDODONTIC MEDICAMENT
.................................................................................................................................. 148
9.5 IN VIVO ASSESSMENT OF BRUSHITE CEMENT AS SOCKET PRESERVATION/ALVEOLAR BONE
[Rd (] =127y 1 N 149
0.6 CEMENT INJECTABILITY 1ottttittteeittett ettt e etaseea e s st s eaassanesstn s e st ssaanseansesansstnserassennns 149
R N O i 151
YA d ad = A\ ] [ i ST 163
APPENDIX 1: CALCULATION OF CHX CONCENTRATION RELEASE FROM CEMENT.............. 163
APPENDIX 2: AVERAGE PERCENTAGE OF MASS CHANGE FOR DEGRADATION. ......ccuvvvvnnees 164
APPENDIX 3: AVERAGE PH VALUE OF SOLUTIONS OBTAINED FROM DEGRADATION AND CHX
[ = NS =Y WU ) T 165
APPENDIX 4: AVERAGE PERCENTAGES OF CHLORHEXIDINE RELEASE (ABSORBANCE AT 255
N RPN 166
APPENDIX 5: PERMISSION TO REPRODUCE MATERIAL | ...iiieieeeieeee e eeanns 167
APPENDIX 6 PERMISSION TO REPRODUCE MATERIAL Il ..vvviiiiiiee e 168
APPENDIX 7: PERMISSION TO REPRODUCE MATERIAL I ...eevveeiiiee e, 169
APPENDIX 8: PERMISSION TO REPRODUCE MATERIAL IV .. coeeeiiieeee e 170
APPENDIX 9: ABSTRACT SUBMITTED FOR EAPD 2012 ....covviiiiiieeeeecee e 171

10



LIST OF FIGURES

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 3.1
Figure 3.2
Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9
Figure 3.10

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7

Figure 4.8
Figure 4.9
Figure 4.10

Figure 4.11

lllustrations of different types of hard tissue injuries resulting from
dental traUME. ...t e e e e e e e
lllustration of different types of luxation injuries resulting from
deNtal trAUMA.......oiieiiie i
Radiographic classification on stages of root development...............
Brushite cement setting reaction cascade..........cccccceveeeeeeiiiiiiiiinnnnns
Examples of set cements used in the current study..........cccccceeeenn.
Flowchart of experimental desSigns........cccceeveieieieeeie e
Schematic illustration of spectrum production from sample by

Theory behind Raman Spectroscopy. Incident radiation refers to
radiation hitting a specific surface. The source of photon in this
study derived from [aSer..........cooiiiiiiiiiii e
Geometry of the Wallace hardness machine indenter (adapted
from Wallace indentation hardness tester instruction manual)..........
(a) Cross section view of indenter and (b) top views of indentation
of the cement surface. h is the depth of indentation and d is the
diagonal of INdentation................ueiiiiiiii e
Top and front views of biaxial flexural strength experiment set up.
The applied force and support are in the same axiS...............oeeeuvenne
Stress field of dics - shape cement under biaxial flexural test
method is equibiaxial in the central region in which it is a
maximum. Blue area demonstrates the maximum stress region.
The stresses are euqglly distributed along its radial direction in
which the stresses generated at the edge of the specimen are the
[OWEST. ...ttt
Schematic diagram of biaxial flexural strength test.............c.ccooceeee.
Experimental flowchart for degradation, pH and chlorhexidine
release STUAIES.......coueieiiiiiie e
Reference spectrum of MCPM (powder phase)........cccceeeeeeeceeininennnn.

Reference spectrum of - TCP (powder phase)..........ccccovvveveennnen
Reference spectrum of CHX (powder phase)........ccccoouveeeiiiiieeennnnns
Reference spectrum of Water...........cooovieieiiiiiie e,
Reference spectrum of citric acid (aqueous phase)..........ccccccvveeennn.
Reference spectrum for polyacrylic acid (agueous phase)................

Reference spectra of brushite cement (CO P0) at PLR of 3 g mI™ at
37 °C, prepared with citric acid concentration of 800 mM.................
Time - dependent FTIR of spectra setting cement with low PAA
(CO PB) With time @t 37 ®C...coveeeeiiiiiiiee e
Time - dependent FTIR of spectra setting cement with high PAA
(CO P12) with time @t 37 °C...uvvvieiiieeee e
Time — dependent FTIR spectra of setting cement with low CHX
(C6 PO) With time @t 37 OC.....coeiiiiiiiiiiieeie e
Time — dependent FTIR spectra of setting cement with low CHX
and low PAA (C6 P6) with time at 37 °C........coooiviiiiiiiiiiiieeeeeeeeee

25
26
28
46
55
57

59

62

66

66

69

69
71

75
78

78
78
79
79
79

82

82

82

83

83

11



Figure 4.12
Figure 4.13
Figure 4.14
Figure 4.15
Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25
Figure 4.26
Figure 4.27
Figure 4.28
Figure 4.29

Figure 4.30

Figure 4.31

Time - dependent FTIR spectra of setting cement with low CHX
and high PAA (C6 P12) with time at 37 °C.........ccoccceiniiiieiiiiieeenen
Time — dependent FTIR spectra of setting cement with high CHX
(C11 PO) with time @t 37 OC......ccceveriieeiiiee e
Time - dependent FTIR spectra of setting cement with high CHX
and low PAA (C11 P6) with time at 37 °C.....ccccvevveeeeeiiiiiiiieeeeeeeen,
Time — dependent FTIR spectra of setting cement with high CHX
and high PAA (C11 P12) with time at 37 °C......ccceeevviviiiiiiieeeeeeeee,
Effect of time on difference spectra of brushite cement — CO PO
(calculated by subtraction of spectra at initial) for cement at 37 °C.

Effect of time on difference spectra of cement with low PAA -
CO0 P6 (calculated by substraction of spectra at initial) for cement at

Effect of time on difference spectra of cement with high PAA -
CO0 P12 (calculated by substraction of spectra at initial) for cement
L A PR PPRR
Effect of time on difference spectra of cement with low CHX — C6
PO (calculated by subtraction of spectra at initial) for cements at

Effect of time on difference spectra of cement with low CHX and
low PAA — C6 P12 (calculated by subtraction of spectra at initial)
for cements at 37 °C....ooeeiiiiee e
Effect of time on difference spectra of cement with low CHX and
high PAA — C6 P12 (calculated by subtraction of spectra at initial)
for CemMeNnts At 37 “C...oooeiii e
Effect of time on difference spectra of cement with high CHX — C11
PO (calculated by subtraction of spectra at initial) for cements at 37

Effect of time on difference spectra of cement with high CHX and
low PAA — C11 P6 (calculated by subtraction of spectra at initial)
for cements at 37 °C...ooeeeiii i
Effect of time on difference spectra of cement with high CHX and
high PAA — C11 P12 (calculated by subtraction of spectra at initial)
for CemMeNnts At 37 “C. .o
Reaction extent (1052 cm™) as a function time for samples without
CHX. TIme iS iS 10019 SCAl.......uviiiiiieeieiii e
Reaction extent (1052 cm™) as a function time for samples with low
CHX. TIme iS iS 10019 SCAl.......uviiiiiieeieiii e
Reaction extent (1052 cm™) as a function time for samples with
high CHX. Time iS iS 10010 SCAlE......cccuvvieiiiiiiiieiee e
Reaction extent (1340 cm™) as a function time for samples with
Both CHX @Nnd PAA. ... et e e
Raman reference spectra of brushite, CA, PAA, CHX, MCPM and

(a) Compositional mapping (50 um x 50 pm) of fracture surface of
cement with low PAA (CO P6) determined via Raman. Blue area
represent brushite, green area refers to non — reacted 3 - TCP (b)
average spectra of the corresponding area............ccccvvvveeeeeeeeennnnnnn.
(a) Compositional mapping (50 um x 50 um) of fracture surface of
cement with high PAA (CO P12) determined via Raman. Blue area
represent brushite, green area refers to non — reacted g - TCP (b)
average spectra of the corresponding area...........ccccccvvvvveeeeeeeeeennnnn.

83

84

84

84

88

88

88

89

89

89

90

90

90

94

94

94

95

96

99

99

12



Figure 4.32

Figure 4.33

Figure 4.34

Figure 4.35

Figure 4.36

Figure 4.37

Figure 4.38
Figure 4.39
Figure 4.40
Figure 4.41
Figure 4.42
Figure 4.43
Figure 4.44
Figure 4.45

Figure 4.46

(a) Compositional mapping (50 pm x 50 pum) of fracture surface of
cement with low CHX (C6 PO0) determined via Raman. Blue areas
represent brushite, red regions refer to CHX and mauve areas
indicate mixture of CHX and brushite (b) average spectra of the
(of0 ] =15 oTo] 0o 1 g e = 1 (=T VS RSP

(a) Compositional mapping (50 um x 50 um) of fracture surface of
cement with high CHX (C11 PO) determined via Raman. Blue
areas represent brushite, red regions refer to CHX and mauve
areas indicate mixture of CHX and brushite (b) average spectra of
the correspoNding @r€a@............cocuveieeiiiiiiiee e
(a) Compositional mapping (50 um x 50 pum) of fracture surface of
cement with low CHX and low PAA (C6 P6) determined via
Raman. Blue areas represent brushite, red regions refer to CHX,
green areas demonstrated non — reacted B — TCP particles and
mauve areas indicate mixture of CHX and brushite (b) average
spectra of the corresponding ar€a..........cccceeeeeeeieveeeeeeeeeviiiieeieieneenn
(a) Compositional mapping (50 um x 50 um) of fracture surface of
cement with low CHX and high PAA (C6 P12) determined via
Raman. Blue areas represent brushite, red regions refer to CHX,
green areas demonstrated non — reacted f — TCP particles and
mauve areas indicate mixture of CHX and brushite (b) average
spectra of the corresponding area...........ceeeeeiiiiiieieiiiieeee e
(a) Compositional mapping (50 um x 50 um) of fracture surface of
cement with high CHX and low PAA (C11 P6) determined via
Raman. Blue areas represent brushite, red regions refer to CHX,
green areas demonstrated non — reacted § — TCP particles and
mauve areas indicate mixture of CHX and brushite (b) average
spectra of the corresponding ar€a..........cceeeeeieeeeeeeeeeeeecieieeeeeeeeeeee,
(a) Compositional mapping (50 um x 50 um) of fracture surface of
cement with high CHX and high PAA (C11 P12) determined via
Raman. Blue areas represent brushite, red regions refer to CHX,
green areas demonstrated non — reacted p — TCP particles and
mauve areas indicate mixture of CHX and brushite (b) average
spectra of the corresponding ar€a...........coeeeveeeeveviveeeeeeeieieeeeeeienn
SEM images of fracture surface of brushite cement (CO PO) at a)
X500 and b) X5000 magnifiCation...........ccccceeriiniiiiiiiiieieee e
SEM images of fracture surface cement with low PAA (CO P6) at
a) x1000 and b) x5000 magnification............ccccceeeeiininiiiiiiieeeeeeeen
SEM images of fracture surface of cement without CHX and high
PAA (C0O P12) at a) x1000 and b) x5000 magnification.....................
SEM images of fracture surface cement with low CHX (C6 PO0) at
a) X500 and b) x5000 magnifiCation.............cccovcuveeeeriiiieeeeiiiieee i
SEM images of fracture surface cement with high CHX (C11 PO)
at a) x500and b) x5000 magnification............ccccceeeeeriiiiiiiiiiie e,
SEM images of fracture surface cement with low CHX and low
PAA (C6 P6) at a) x500 and b) xX5000 magnification.........................
SEM images of fracture surface cement with low CHX and high
PAA (C6 P12) at a) x500 b) x5000 magnification............ccccccoeevcuunnne
SEM images of fracture surface cement with high CHX and low
PAA (C11 P6) at a) x500 and b) x5000 magnification.......................
SEM images of fracture surface cement with high CHX and high
PAA (C11 P12) at a) x500 and b) x5000 magnification.....................

100

100

101

101

102

102

105

106

107

108

109

110

111

112



Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 6.1

Figure 6.2
Figure 6.3
Figure 6.4

Figure 6.5
Figure 6.6

Hardness of brushite cements as a function of concentration of
CHX and PAA at 1 hour after mixing. None overlapping 95% CI
interval error bars indicate significantly different results....................
Surface hardness of brushite cements as a function of
concentration of CHX and PAA at 24 hours after mixing. Errors
bars represent 95% confidence interval..........ccccccceeeiiiiiiiciiiieeeneenn,
Biaxial flexural strength of brushite cements as a function of
concentration of CHX and PAA. None overlapping 95% CI interval
error bars indicate significantly different results..............cccoceeenne.

Relationship between concentration of CHX and PAA on biaxial
flexural MOAUIUS. .......cooiie i
Mass change vs logy, of time for all cement compositions. None
overlapping error bars indicates significantly different results
(P < 0.05) ittt
Average percentage of degradation rate per day of each cement
composition. Errors bars indicate 95%confidence intervals.............

Extrapolated maximum water sorption for each cement
composition. Errors bars indicate 95% confidence intervals............

pH level of each composition solution at different time points. Time
N 10010 SCAIE. ..eeeiiiieie e
Calibration curve of CHX at 230 and 255 NM.......cccccccveeeeiiiiiininnnnnn.

Average percentage of total drug release versus time from
cements containing different concentrations of CHX and PAA. Both
time and percentage of CHX released axes are in logy scale.........

117

117

120

120

123
124
124
125

126

128

14



LIST OF TABLES

Table 2.1

Table 2.2

Table 2.3

Table 3.1
Table 5.1

Table 5.2

Table 7.1

Classification and definition of traumatic injuries to teeth
(Andreasen et al., 2007; WHO, 1978).......ccccccriieiiiiiineeeiiiieee e
Advantages and disadvantages of calcium hydroxide and mineral
trioxide aggregate in management of dental trauma.

Different types of calcium orthophosphate. Adapted from (Bohner,

Surface hardness (GPa) of each composition at 1 and 24 hours
E= L1 (=T o 0 01D ] o o TSR
Biaxial flexural strength (MPa) and biaxial flexural modulus of
€aCh COMPOSILION......ueiiiiiiiiiie e
The absorbance of various concentration of CHX at 230 and 255

24

39

42
56

115

118

15



ABBREVIATIONS

B—TCP

g

€
v

um

o
dP/dw

AmM(%)

AAPD
ACP

Ao

As

A
BFS
BSPD
CA
CaO
CHX
Cl

CPC

DCPD

beta — tricalcium phosphate
reaction extent

molar extinction coefficient.
Poisson’s ratio

micrometre

stress

load versus central displacement
percentage mass change

radius of support ring
absorbance

American Association of Paediatric Dentistry
amorphous calcium phosphate
initial absorbance

corrected absorbance
absorbance at final time
absorbance at time t

biaxial flexural strength

British Society of Paediatric Dentistry
citric acid

calcium oxide

chlorhexidine

confidence interval

calcium phosphate cements
diagonal

dicalcium phosphate dihydrate

16



DF

FeO
FTIR

GPa

of

HERS
IADT
kgf

kN

kV

m
MCPA
MCPM
mg
mM
mm

ml
MPa
MTA
nm
PAA
PDL
PHA

PLR

dilution factor

biaxial flexural modulus

force in kilograms - force

ferrous ions

fourier transform infrared spectroscopy
gigapascals

gram - force

depth of indentation in micrometres

Hertwigs’s epithelial root sheath

International Association of Dental Traumatology

kilogram - force

kilonewtons

kilovolt

mass at initial

mass at time t

monocalcium phosphate anhydrous
monocalcium phosphate monohydrate
milligrams

millimoles

millimetre

millilitre

megapascals

mineral trioxide aggregate
nanometre

polyacrylic acid

periodontal ligament

Precipitated hydroxyapatite

powder to liquid ratio

17



ppm
SD

SEM

UK

VHN

wit%

wiw

part per million

standard deviation

scanning electron microscope
radius

United Kingdom

Vickers Hardness Number
weight percentage

weight over weight

18



CHAPTER 1
INTRODUCTION

19



1.0 INTRODUCTION

1.1 Statement of the Problem

Traumatic dental injuries occur with frequency in preschool, school- age
children, and young adults. They comprise 5% of the injuries sustained to the
body (Andreasen et al., 2007). The injuries may result from falls, fights, road
traffic accidents, sports and non — accidental injuries (Martin et al., 1990; Onetto
et al., 1994; Perez et al.,, 1991; Stockwell, 1988). The reported prevalence of
traumatic dental injuries varies depending on the population studied (Al-Majed et
al., 2001; Alonge et al., 2001; Altay and Glngor, 2001; Bastone et al., 2000;
Cunha et al., 2001).

In children, the management of non — vital immature teeth and premature tooth
loss as a result of traumatic dental injuries pose significant challenges to
clinicians. Although there are available clinical guidelines (Andersson et al.,
2012; DiAngelis et al.,, 2012) to help the clinician in managing these cases,
current dental materials and clinical approaches do have limitations which may

affect long term outcomes and prognosis of the affected tooth/area.

An immature tooth refers to a tooth which is not fully formed, especially the root
end / apex. An intact and vital pulp (neurovascular bundle) is necessary for the
development and maturation of the tooth root. Therefore, if vitality is lost, the
maturation process will cease, leaving the tooth with a wide root canal, thin
canal walls and an open apex. Root canal treatment is complicated by the lack
of apical closure against which to condense and contain a root filling. Classically
these are managed by creating an apical barrier at the root end against which
the root filling can be condensed. Currently there are two methods of creating
the barrier ; either physiologically with non — setting calcium hydroxide or
artificially with mineral trioxide aggregate (MTA) cement (Vaidyanathan et al.,
2010). Although these techniques have been shown to be successful, there is
emerging evidence on the limitations and disadvantages of both materials
(Andreasen et al., 2002; Moore et al., 2011; Rosenberg et al., 2007). Therefore,
development of new techniques is needed to overcome the problems associated

with these materials.
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Another challenging issue is alveolar bone resorption as a sequalae to
premature tooth loss. Studies have shown that this process can be very rapid
(Rodd et al., 2007); resulting in loss of bone height and volume. This greatly
complicates subsequent prosthetic replacement of the tooth. In adults dental
implants are considered the best solution for management of tooth loss (Henry
et al., 1996). In children however, these are not recommended as the bone is
yet to mature. The time between tooth loss and sufficient maturity for implant
placement (i.e. when growth has ceased) could be years. Increasing bone loss
in this period further complicates implant placement and ultimate treatment
outcome (Day et al., 2008). New methods to reduce alveolar bone resorption at
an early stage would therefore be beneficial.

Brushite cements have a real potential in both described clinical conditions. An
important benefit is their ability to act as a reservoir of calcium and phosphate

ions for remineralisation of the hard tissue.

Several studies have also shown that brushite cements can simultaneously act
as localised drug reservoirs (Ginebra et al., 2006). There are lots of studies
looking at brushite cements as bone substitutes (Kurashina et al., 1997;
Sanzana et al., 2008; Theiss et al., 2005). However, as far as we aware, there is

no study exploring the potential use of brushite cement as endodontic material.

There are however, several issues which may limit their application. These
include short setting times, poor mechanical properties (Ishikawa and Asaoka,
1995), rapid drug release (Bohner et al., 1997a) from the cement, poorly
controlled degradation and limited adhesion to the bone/dentine. Thus, the
development of modified brushite cements as possible alternative root filling
materials and as potential alveolar bone substitutes will offer the clinician

alternatives in managing above mentioned problems.
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2.0 LITERATURE REVIEW

2.1 Introduction

Traumatic dental injuries are defined as any injuries to the teeth and/or tooth —
supporting structures (periodontal ligaments and alveolar bone). Generally,
dental injury can be classified into hard tissue injuries and luxation injuries
(Andreasen et al., 2007; WHO, 1978). Table 2.1 describes different types of

traumatic dental injuries.

In children there are two peak ages during which this could happen; 18 months
to 3 years old and between 10 to 12 years old. Greater incidence of dental
injuries in toddlers mainly results from falls as the child begins to walk and run
with developing motor coordination (Cunha et al., 2001; Oikarinen and Kassila,
1987). In younger children it may be due to vigorous play (Andreasen and Ravn,
1972). Boys experience more dental injuries than girls (Andreasen et al., 2007,
Bastone et al., 2000; Chadwick et al., 2006).

When a tooth is traumatised, sequelaes from the injured pulp and periodontal
ligaments may affect the long — term prognosis of the affected tooth. Hence, the
immediate and long — term management of dental trauma pose significant

challenge to the clinicians.

2.2 Sequealae of dental trauma

Dental trauma represents a significant threat to dental health in young children
as their dentition is still developing. There are various possible complications
that could arise from traumatic dental injuries. These include impaired dental
aesthetics, pulpal complications, arrested root development, root resorption,
ankylosis and tooth loss. The outcome of dental trauma depends on type and
severity of injuries, stage of tooth development, immediate and long-term
treatment and healing potential of the affected tissue. In children however, loss
of vitality, arrested root development and root resorption are the most

debilitating outcomes which have a large impact to both patients and clinicians.
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Table 2.1: Classification and definition of traumatic injuries to teeth (Andreasen et
al., 2007; WHO, 1978).

Type of Dental Trauma Definition

Uncomplicated crown fracture A fracture with loss of enamel with / without
dentine, but not involving the pulp.

Crown - root fracture A fracture involving enamel, dentine and

cementum with / without pulpal involvement.

Luxation Injuries
Concussion An injury to the tooth — supporting structures
without abnormal loosening or displacement

of the tooth, but an increase reaction to

percussion.

Extrusion Partial displacement of the tooth out of its

socket.

Intrusion Displacement of the tooth into the alveolar

bone. This is accompanied by comminution

or fracture of the alveolar socket.
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(d) (e) (f)

Figure 2.1: lllustrations of different types of hard tissue injuries resulting from
dental trauma (with permission to reproduce from John Wiley and Sons — see
Appendix 5).

(illustrations adapted from (DiAngelis et al., 2012)). (a) infraction, (b) uncomplicated
crown fracture — enamel only, (c) uncomplicated crown fracture involving both enamel
and dentine, (d) complicated crown fracture, (e) crown — root fracture with pulpal
involvement, (f) crown — root fracture without pulpal involvement, (g) root fracture.
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(c)

(d) (e) (f)

Figure 2.2: lllustration of different types of luxation injuries resulting from
dental trauma (with permission to reproduce from John Wiley and Sons — see
Appendix 5 and Appendix 6).

(illustrations adapted from (Andersson et al.,, 2012; DiAngelis et al., 2012) (a)
concussion, (b) subluxation, (c) extrusion, (d) lateral luxation (e) intrusion, (f)
alvulsion.
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2.2.1 Loss of vitality

Epidemiological studies showed that 1 — 6% of teeth with crown fractures and 15
— 59% of teeth with luxation injuries developed pulpal necrosis (Andreasen et
al., 2007). Loss of pulp vitality resulting from dental injuries can be either due to
contamination of pulp with bacteria and its by-products or crushing and/or
laceration of pulp from luxation injuries. Bacteria can immediately contaminate
the pulp when there is complicated crown fracture (pulpal exposure) or through
the dentinal tubules in uncomplicated crown fracture. When the crown of a tooth
is fractured and involves the dentine, the dentinal tubules are exposed to the

oral environment.

In children, the diameter of these tubules are wider compared to adults (Bath -
Balogh and Fehrenbach, 2011) and thus will allow rapid progression of bacteria
towards the pulp complex resulting in irritation of the pulp. If the exposed
dentine be sealed off immediately with restorations, it will only elicit insignificant
changes in the pulp complex which may resolve. However, if the deeply
exposed dentine is left unprotected, the communication between oral
environments and penetration of bacteria may result in inflammation of the

underlying pulp and subsequently loss of pulp vitality (DiAngelis et al., 2012).

Crushing and/or laceration of the neurovascular bundle at the apical foramen
could result in loss of blood supply to the dental pulp and subsequently lead to
ischemia and necrosis. Although there is potential for revascularisation of the
dental pulp, this process depends on the factors discussed above. Loss of pulp
vitality in immature teeth can have severe detrimental effects on its long term

survival as they are prone to root fracture.

2.2.2 Arrested root development

Root development is still taking place although the teeth have erupted into the
mouth and generally it takes up to 3 years for the root to completely form (Bath -
Balogh and Fehrenbach, 2011). As such, for the upper incisors root formation is
estimated to complete at about 10 years old. As aforementioned, the peak
incidences of traumatic dental injuries occur before root formation is complete

and may result in devitalising of the pulp. Vital pulp is fundamental for
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continuation of root development without which the root development will arrest.
Maturation of the root involves a complex interaction between Hertwigs’s
epithelial root sheath (HERS) and the dentinogenesis process (Bath - Balogh
and Fehrenbach, 2011). These processes result in an increase in root length
and thickened canal walls. Cvek (1992) classified root development into 5

different stages based on radiographic presentation (see Figure 2.3).

Therefore, if the pulp vitality diminishes, the maturation process will cease
leaving the tooth with a short root, wide root canal, fragile and thin canal wall
and open apex. Management of immature teeth pose significant challenges to
the clinician as root canal treatment is complicated by the lack of apical closure
against which to condense and contain a root filling (Vaidyanathan et al., 2010).

Figure 2.3: Radiographic classification on stages of root development (with
permission to reproduce from John Wiley and Sons — see Appendix 7).

Adapted from (Cvek, 1992). (a) Stagel — wide and divergent apical opening and root
length less than half of estimated final length, (b) Stage 2 - half of the estimated root
length has form, (c) Stage 3 — 2/3 of estimated root length has form, (d) Stage 4 — wide
apical canal with nearly complete root length, (e) stage 5 — close apical foramen and
complete root formation.
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2.2.3 Replacement resorption

Root resorption may result as complication of severe luxation injuries to the
teeth. There are three types of root resorption: surface resorption, inflammatory
resorption and replacement resorption (Trope, 2002). Replacement resorption is
an expected phenomenon following severe tooth injuries or non- physiological
extra - oral storage following avulsion (Andersson et al., 2012; Andreasen, 1981;
DiAngelis et al., 2012). This is an irreversible process which leads to resorption
of the root structure by osteoclasts and followed by subsequent osteoblast
infiltration of the area for osseous healing (Trope, 2002). The development of
replacement resorption depends on both the degree of damage to the
periodontium at the time of injury, and the viability of the periodontal ligament
cells remaining on the root surface. It has been reported that if less than 20% of
the root surface is involved, a transient ankylosis may occur. The areas affected
by transient ankylosis may later be resorbed due to functional stimuli of the
tooth. However, if the damaged surface is large (>4 mm?, a permanent
ankylosis is created, thus the tooth becomes subjected to the bone remodelling
process (Andreasen and Kristerson, 1981).

Apart from the severity of dental trauma, replacement resorption rate is also
dependent upon age and basal metabolic rate. In young children, replacement
resorption causes significant problems to the developing dentition and occlusion.
As the rate of bone turnover in children is very rapid compared to adults, the
progression of replacement resorption can lead to premature tooth loss. It has
been estimated that the affected tooth will be lost within 1 — 5 years (Finucane
and Kinirons, 2003). Apart from tooth loss, as a consequence of ankylosis, there
is also a lack of vertical growth of the alveolar bone resulting in progressive
infraocclusion (Malmgren and Malmgren, 2002), thus affecting the aesthetic of

the dentition.

2.2.4 Premature tooth loss

Although it is best to maintain the traumatised tooth for as long as possible, the
long - term prognosis should be taken into account during treatment planning.
Tooth loss resulting from dental trauma can be an immediate or delayed

outcome. Immediate tooth loss should be considered if the injuries are severe

29



and the tooth is unrestorable (DiAngelis et al., 2012). Patient medical history or
condition of avulsed tooth may contraindicate reimplantation of the avulsed tooth
(Andersson et al., 2012).

Where reimplantation of avulsed teeth is carried out, it has been reported that it
has a poor long — term survival rate; 73 — 96% were lost prematurely
(Andreasen and Andreasen, 2007). A tooth with non - viable periodontal fibres
when replanted will result in ankylosis and latter replacement resorption. Other
complications from traumatised teeth e.g. persistent infection, cervical root
fracture during and after treatment, have resulted in extraction of the affected
tooth.

In children, missing upper teeth have been shown to lead to impaired aesthetics,
occlusal problems and possible speech issues (Weinberg, 1968) and their self —
esteem (Shaw et al., 1991). Other implications include loss of space and most

importantly alveolar bone resorption due to remodelling of the bone.

2.2.5 Alveolar bone resorption

Alveolar bone resorption following tooth loss (e.g. trauma, caries or periodontal
disease) is an expected outcome resulting in a decrease of alveolar bone
volume, height, width and a change in bone morphology (Atwood and Coy,
1971; Botticelli et al., 2004; Lekovic et al., 1997). Even the loss of a single tooth
can result in a pronounced change in the buccal profile and a marked decrease
in the dimension of the marginal portion of the edentulous ridge (Schropp et al.,
2003). Although the degree of bone loss varies among individuals and
anatomical sites, it is well accepted that as much as 40% of the alveolar bone
height and 60% of the alveolar bone width may be lost in the first six months

following extraction (Schropp et al., 2003).

In children, undesirable marked alveolar bone loss will complicate treatment
planning and the final treatment outcome. Dental implant placement is contra -
indicated as the bone is yet to mature. Hence, if no measures are taken to
preserve or regenerate the alveolar bone after tooth loss, future implant
placement will be a problem, due to insufficient bone volume. Alveolar bone

augmentation may be necessary to facilitate correct placement and aesthetics of
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a prosthetic crown (Day et al., 2008). Therefore, an ideal outcome in young
children would be preserving the alveolar bone and soft tissue as long as
possible to improve the restorative options that can be offered in early adulthood
after growth has ceased (Day et al., 2008).

2.3 Management of the traumatised tooth

Currently there are available clinical guidelines to help clinicians to manage
traumatic dental injuries. (AAPD, 2011; Albadri et al., 1997; Andersson et al.,
2012; DiAngelis et al., 2012; Gregg and Boyd, 1998; Malmgren et al., 2012;
Vaidyanathan et al.,, 2010). These guidelines are produced by various
professional bodies e.g. International Association of Dental Traumatology
(IADT), British Society of Paediatric Dentistry (BSPD) and American Association
of Paediatric Dentistry (AAPD). The availabilities of such guidance highlight the
importance of prompt and appropriate immediate and follow up treatment to
improve the successful outcome of dental trauma management. Although there
are some disagreements between these guidelines, the consensus is that every
effort should be made to protect and preserve pulp vitality and to return the
injured teeth to acceptable function and appearance.

2.3.1 Management of crown fracture

The management of crown fracture depends on the extent of structure involved.
The restorative treatment options range from no treatment to complex
procedures. When the crown fracture involves the dentine, the tooth should be
restored as soon as possible to prevent bacteria ingression to the pulp. This
could be achieved simply by restoring the tooth with tooth coloured restoration.
However, when the fracture surface is too close to the pulp or the pulp is
exposed then pulp therapy; pulp capping, Cvek’s pulpotomy or coronal

pulpotomy must be carried out to protect and preserve the pulp vitality.

The objective of pulp therapy is to promote hard tissue formation over the
traumatic exposure and thus isolating the dental pulp from oral environment.
Currently there are two available materials that could be used by the clinicians to

achieve this; calcium hydroxide and mineral trioxide aggregate (MTA).
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Calcium hydroxide is widely used in dentistry and has been shown to be
effective in management of traumatic pulpal exposure (Cvek, 1978; Ravn, 1982;
Winter, 1977). It has antibacterial properties and the ability to induce hard tissue
formation owing to its high pH (Forsten and Soderling, 1984). When calcium
hydroxide is applied over the vital pulp, it causes a localised and superficial
tissue necrosis (Faraco and Holland, 2001), approximately 1- 1.5 mm in depth.
This leads to a cascade of events resulting in hard tissue formation. The necrotic
tissue generates a low — grade irritation which is not strong enough to destroy
the pulp but sufficient to trigger defensive reactions within the pulp. The
underlying tissues react to this irritation by producing collagen that is
subsequently mineralised. This is later followed by differentiation of dentine,
resulting in the formation of the hard tissue barrier (Watts and Paterson, 1981).

Mineral trioxide aggregate (MTA) is a biocompatible (Camilleri et al., 2004,
Keiser et al., 2000), hydrophilic cement, that sets in the presence of moisture
(including blood). It also has a pH level which is comparable to calcium
hydroxide (Torabinejad et al., 1995). Mineral trioxide aggregate powder consists
of tricalcium silicate, tricalcium aluminate, tricalcium oxide, tetracalcium
aluminoferrite and silica oxide (Camilleri et al., 2005; Torabinejad et al., 1995).

Hydration of this powder with water/saline produced a colloidal gel that hardens.

Mineral trioxide aggregate cement has been shown to stimulate reparative
dentine formation when applied on the vital pulp (Andelin et al., 2003; Ford et
al., 1996; Tziafas et al., 2002). Although, MTA has a similar action to calcium
hydroxide in promoting the dentine bridge (Faraco and Holland, 2001; Tziafas et
al., 2002) it provides a better protective barrier against microleakage, thus

reducing chances for re-contamination of the pulp with bacteria.

2.3.2 Management of immature teeth with non- vital pulp

The endodontic management of immature teeth with non — vital pulp is often
difficult due to its wide and infected canal. Therefore, the aims of managing such
cases are to eliminate infection, promote periapical healing and formation of an
apical barrier to allow placement and containment of the root filling material.
Currently there are two methods of creating an apical barrier; physiologically

with non- setting calcium hydroxide or artificially with mineral trioxide aggregate
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cement (Vaidyanathan et al., 2010). This method is also widely known as

apexification.

The physiological approach requires multiple visits to redress the canal with non
— setting calcium hydroxide. Although there are disagreements on how frequent
the dressing should be changed (Abbott, 1998; Chosack et al., 1997), regular
replacement has a number of advantages; allows clinical assessment of barrier
formation and may increase speed of bridge formation (Kinirons et al., 2001;
Mackie et al., 1988). The success rate of this approach has been reported to
range from 74 — 100% (Sheehy and Roberts, 1997). The calcific barrier is
expected to form within 5 to 20 months after initiation of treatment. However, if
the size of opening of the root end is more than 2 mm, the barrier would take a
much longer time to form. The reaction of periapical tissues to calcium hydroxide
is similar to pulpal tissue (Holland et al., 1977). Histologically the hard tissue
barrier is composed of cementum, dentine and bone which derived from

connective tissue at the apices (Dylewski, 1971).

A hard apical barrier can alternatively be produced using MTA (Torabinejad and
Chivian, 1999). This technique only requires two visits where the cement is
inserted into the root canal to form a 4 — 5 mm apical plug and which then
carefully condensed. The canal must be thoroughly cleaned and adequately
disinfected prior to mineral trioxide aggregate placement as its removal at a later
date can be challenging or even impossible. Depending on future treatment
planned, the remainder of the canal is either completely obturated with MTA
(Bogen and Kuttler, 2009; Pinar Erdem and Sepet, 2008) or backfilled with gutta
— percha (Vaidyanathan et al.,, 2010). When compared to calcium hydroxide,
mineral trioxide aggregate has been shown to be clinically superior in terms of
periapical healing and providing an apical barrier (EI-Meligy and Avery, 2006;
Pradhan et al., 2006).

2.3.3 Management of replacement resorption

Replacement resorption is an irreversible and progressive phenomenon. As
previously described, this process is very rapid in children and most likely will
result in tooth loss. In order to maintain the alveolar bone dimension, a

decoronation procedure can be performed; the crown of the affected tooth is
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removed, leaving the root in the alveolar bone (Filippi et al., 2001; Sapir and
Shapira, 2008). This procedure involves a full mucoperiosteal flap and
decoronation of the crown just beneath the cervico-enamel junction,
approximately 1mm under the crestal bone margins. All root canal filling or
medication must be removed to allow complete bone healing. Bleeding is
initiated to encourage blood clot to form within the canal. This is important as the
blood clot is organised from the surrounding tissues (Malmgren, 2000). The flap
is then coronally repositioned and sutured to allow primary wound healing
process. The decoronated root will be gradually subjected to bone turnover.
This technique potentially allows for complete preservation of the width and
height of the alveolar process with additional vertical bone apposition; ideal bone
volume for future implant placement. However it is experimental and outcomes

are not known at present. It is also difficult for patients.

2.3.4 Management of alveolar bone preservation.

Alveolar bone preservation or regeneration after tooth loss can be achieved with
immediate bone filling of the extraction socket. Generally bone filling materials
can either be biological materials or synthetic materials. An ideal bone graft
material should mimic the iliac bone crestal bone which is commonly used
(Meyer et al., 2009).

The bone graft materials should have osteogenesis, osteoconductive, and
osteoinductive properties (Lindhe et al., 2008; Meyer et al., 2009).
Osteogenesis occurs when viable osteoblasts and precursor osteoblasts are
transplanted with the grafting material into the defects, where they may establish
centres of bone formation. Osteoinduction involves new bone formation by the
differentiation of local uncommitted connective tissue cells into bone — forming
cells under the influence of one or more inducing agents. Osteoconduction,
however, occurs when non — vital implant material serves as a scaffold for the
ingrowth of precursor osteoblasts into the defect. This process is usually

followed by a gradual resorption of the implant material.

When considering immediate bone filling, clinicians can advocate either
biological bone graft material or synthetic/biomaterial bone substitute. The

biological bone grafts include autografts, xenografts and allograft. Autografts
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refer to bone harvested and transferred from one position to another within the
same individual, thus eliminating the risk of disease transmission or non-
histocompatibility (Lindhe et al., 2008). The harvested bone can be obtained
either from intraoral or extraoral donor sites (Sandor et al., 2010). Intraoral donor
sites are tuberosity, ramus, symphysis, tori, zygomatic arches, edentulous ridge
and retromolar area. Extraorally, the common sites for bone harvesting are iliac
crest, tibia, calvarium and ribs. The graft comprises both cortical and cancellous
bone including the marrow. Autograft is superior to other materials in lieu of their
properties. The graft may retain viable cells which could promote bone healing
through osteogenesis and osteoconduction at the recipient site, where new
viable bone can be deposited as the bone graft is subjected to normal bone
turnover (Lindhe et al., 2008).

Xenograft refers to a graft from a donor of another species. It includes only the
inorganic portion of the bone such as hydroxyapatite, calcium carbonates and
calcium phosphates. An example of a xenogeneic graft is the deproteinized
bovine bone mineral e.g., Bio-Oss®. It is a biocompatible bone derivative (Artzi
et al., 2000) and has been shown to be osteoconductive (Aradjo and Lindhe,
2009; Camelo et al., 1998). In dentistry, xenograft bone substitute has been
used in managing ridge defects (Norton et al., 2003) and extraction socket
preservation (Carmagnola et al., 2003). However, complete alveolar bone
preservation with this graft has yet to be successful (Fickl et al., 2008b; Nevins
et al., 2006).

Allografts are grafts transferred between members of the same species but
different genotype. It is mostly harvested from a diseased — free donor or
cadaver. In general, there are three types of allografts; frozen, freeze — dried
and demineralised freeze — dried. The presence of bone morphogenic proteins
in allografts can induce host osteoprogenitor cells to differentiate and proliferate

into osteoblasts (Becker et al., 1995).

Alloplasts or synthetic biomaterial bone substitutes have been used to manage
alveolar bone augmentation or preservation. The materials act as a scaffold
(Meyer et al., 2009) for new bone to regenerates. Examples of alloplastic
materials include synthetic hydroxyapatite, bioactive glass, tricalcium phosphate
ceramics, polymethylmethacrylate and osteoactive polymers. Alloplasts are

commonly used when a moderate to large amount of graft is needed and the
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donor site is restricted by the amount of bone volume. Alloplasts grafts should

preferably be osteoconductive, hon —immunogenic and may be resorbable.

2.4 Problems with current techniques for managing trauma

2.4.1 Calcium Hydroxide

Although calcium hydroxide can have a successful outcome in the management
of crown fracture and inducing apical barrier in immature teeth, emerging
evidence shows that it has some drawbacks. As aforementioned, the aim of
treatment in complicated crown fracture is to create a reparative dentine bridge
to stop communication of the pulp with the oral environment. The ideal
reparative dentine should be a thick, continuous and atubular structure formed
across the exposure to provide protection against penetration of noxious agents
(Heys et al., 1981; Mjor, 1985). However, studies have shown that the formation
of such a bridge is inconsistent and unpredictable with reported presence of thin,
non — continuous and tunnel defects in the structure (Cox et al., 1996; Heys et
al., 1981). Should microleakage at the tooth -restoration interphase occur, such
defects would not able to provide a hermetic seal to the underlying pulp against
bacterial progression to the pulp. Therefore, this might affect the long term
prognosis of the tooth.

Another drawback of calcium hydroxide as a pulp capping medicament is that
the remnants of necrotic tissue should be removed once a dentine bridge has
formed. The necrotic remnant can serve as nutrients for bacteria that may have
gained access through microleakage between restoration and the tooth
structure. This will require more clinical appointments and impose a significant
financial burden to the health system. Furthermore, in young children the co-
operation required for dental procedures may be limited because of their anxiety

and thus may complicate treatment delivery.

When calcium hydroxide is used as a medicament to induce physiological
calcific barrier at the root end, available evidence shows that calcium hydroxide
may react with the dentinal root wall and weaken the root structure. Studies
have demonstrated that prolonged dressing of the immature tooth with calcium

hydroxide resulted in significant reduction of resistance to fracture (Andreasen et
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al., 2002; Doyon et al., 2005; Rosenberg et al., 2007; Twati et al., 2009). It was
postulated that due to its strong alkalinity, calcium hydroxide may denature the
protein and proteoglycans of the dentine (Andreasen et al.,, 2002). These
structures serve as bonding agents between the collagen network and
hydroxyapatite crystals, thus such alteration results in collapse of the dentine
structure (Rosenberg et al., 2007). The frequency of cervical root fracture
closely related to stage of root development; ranged from 77% in stage 1 to 2%
in stage 5 of root development (Cvek, 1992) (see Figure 2.3). Therefore, teeth in
young children are more susceptible to cervical root fracture following calcium

hydroxide treatment.

In addition to cervical root fracture, apexification with calcium hydroxide has the
disadvantages of increased treatment time and frequent dental visits to change
the intracanal medicament. This can lead to re-infection of the root canal if the
coronal seal is compromised and cause delays in completing final restoration. In
addition, multiple visits for the apexification procedure can impose a financial
burden to both patient/parents and health provider. It has been demonstrated
that the estimated total cost for treating a paediatric patient with of traumatic
dental injury was £856 (Wong and Kolokotsa, 2004).

2.4.2 Mineral trioxide aggregate

Although mineral trioxide aggregate is a suitable and superior alternative to
calcium hydroxide as a pulp capping material and in an producing artificial apical
barrier, it causes intrinsic gray discolouration to the tooth (Bogen and Kuttler,
2009; Karabucak et al., 2005; Parirokh and Torabinejad, 2010). This is a well
recognised limitation of MTA which can impair the aesthetic outcome of the
treatment. The gray discolouration is attributed to the reduction of ferrous ions
(FeO); black compound into the dentinal tubules that might increase over time
(Asgary et al., 2005).

In order to overcome this problem, a white MTA was developed without
compromising the physical and therapeutic properties of the original MTA
(Cardoso-Silva et al.,, 2011; Stefopoulos et al.,, 2008). The main difference
between the gray and white MTA is the lack of iron ions in the latter (Song et al.,

2006). However, still there are reported cases of tooth discolouration associated
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with white MTA (Belobrov and Parashos, 2011; Kvinnsland et al., 2010; Moore
et al., 2011).

Another potential problem with MTA is removal after placement and curing. It
has been shown that MTA cannot completely be removed from the root canal
(Boutsioukis et al., 2008), thus if a decoronation procedure is indicated, blood
coagulum could not be introduced into the canal. MTA will be left in situ while
the rest of the root is subjected to bone turnover. As MTA is not resorbable, it
will reside within alveolar bone and may create difficulty in future implant

placement.

2.4.3 Alveolar bone loss preservation and grafting technique

Autogenous bone grafts are the gold standard but require a donor site thus a
second surgery is necessary to harvest the graft (Sandor et al., 2010).. It has
associated morbidity to the patient. To subject a young child with multiple
surgical sites (donor and recipient) will likely require pharmacological behaviour
management i.e. general anaesthesia for these procedures to be successful
(Davies et., 2008). General anaesthesia is a safe procedure but the risks

associated with general anaesthesia are real.

Although allografts are pre — treated by freezing, radiation or chemicals in order
to suppress foreign body reactions, the risks of antigenicity could not be ruled
out (Lindhe et al., 2008). On the other hand, alveolar bone preservation with
xenografts material e.g. Bio-Oss® particles has limited success as the grafts are
mainly surrounded by connective tissues rather than bone formation (Becker et
al., 1998; Carmagnola et al., 2003).
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Table 2.2: Advantages and disadvantages of calcium hydroxide and mineral
trioxide aggregate in management of dental trauma.

Calcium Hydroxide

Mineral Trioxide Aggregate

Advantages

Antibacterial properties.
Ability to stimulate hard tissue
formation (dentine bridge and
apical barrier).

Ability to arrest root resorption
process.

Shorter course of treatment
Reduces risk of crown root
fractures.

Biocompatible.

Antibacterial properties.

Sets in presence of moisture.

Disadvantages

Unpredictable dentinal bridge
quality.

Lengthy treatment times for
apical barrier formation.
Requires multiple visits for
apexification.

Denatures collagen and resulted

in weak dentine structures.
Higher incident of cervical root
fractures.

Cost.

Not easy to place.

Tooth discolouration even with
white MTA.

Difficult to remove once cement is

set.
Long setting time (~ 4 hours).
Brittle material.
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2.5 Brushite cement as a possible endodontic or bone graft material

Despite many advantages of both calcium hydroxide and MTA as endodontic
medicaments, both materials have drawbacks as described above. Therefore,
there is a need to search and develop a new material which will offer better
properties to improve treatment outcome in managing sequelae of traumatic

dental injuries.

Calcium phosphate cement has a great potential as both a dental material and
resorbable bone graft (Brown and Chow, 1985). Conventional calcium
phosphate cement however does have some drawbacks which limit its
application. Therefore, a modified - brushite cement could be developed to be
utiised as both an endodontic medicament and bone filling material. For
endodontic medicament, modified brushite cement could be used as a substitute
to calcium hydroxide or MTA in direct pulp capping, forming synthetic apical plug

in non — vital immature tooth and as an obturation material.

In the field of synthetic bone filling materials, calcium phosphate cements have
been of great interest since their discovery in 1980’s. Brushite cements, one of
the end products of calcium phosphate cement have the potential as drug carrier
and bone filling materials. Brushite cement have been used in maxillofacial and
craniofacial reconstruction (Gémez et al., 2005), treatment of fracture defects
e.g., distal radius (Hidaka et al., 2002), treatment of surgically or traumatically
created osseous defects, filling of cystic lesions and treatment of spinal fractures
and vertebroplasty (Turner et al., 2008). They can also act as calcium and
phosphate ion reservoirs for remineralisation of hard tissues. Therefore, this
biomaterial may provide solutions to many of the problems associated with

autologous, allografts and xenografts.

In the field of paediatric dentistry, the combination of their self — setting nature,
moldability, injectability, biocompatibility of antibacterial releasing cements
suggests a great possibility of brushite in regenerative therapy. Furthermore,
injectability could offer immediate filling of the extraction socket without the need
of additional surgical procedure which is an advantage in children. Hence, the

development of brushite cements as a potential bone substitute will offer
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clinicians alternatives and the opportunity of preserving the alveolar bone

dimension.

2.6 Brushite Cement

2.6.1 Calcium orthophosphate

Brushite cements (CaHPO,.2H,0) (also known as dicalcium phosphate
dihydrate) are an end product of calcium orthophosphate cements. Calcium
orthophosphates have potential in the field of bone grafting mainly due to their
chemical similarity to the mineral component hydroxyapatite (inorganic
component of mammalian bones and teeth). In addition, this compound is
known to be biocompatible, biodegradable and osteoconductive. Calcium
orthophosphate cements however, have poor mechanical properties i.e. low
fracture toughness, ductility and fatigue resistance which is a major setback for

applications in load—bearing areas (Bohner, 2000; Dorozhkin, 2008).

Calcium orthophosphate compounds are derived from orthophosphoric acid
which consists of four main elements: calcium, phosphorus, oxygen and
hydrogen. The atomic architecture is built up around a network of
orthophosphate  groups  (PO,)*  (Dorozhkin, 2008). Most calcium
orthophosphates are soluble in water but insoluble in alkaline solutions. All of
them are easily soluble in acids. Table 2 summarizes names and chemical
formulae of various calcium orthophosphates (Bohner, 2000). Generally, there
are two forms of calcium phosphate that are used as bone substitute; calcium

phosphate ceramics and calcium phosphate cements.
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Table 2.3: Different types of calcium orthophosphate. Adapted from (Bohner,

2000) (with permission to reproduce from Elsevier — see Appendix 8).

Compound Chemical
Formula

Compounds which can be precipitated at room temperature in aqueous
systems

Monocalcium phosphate monohydrate Ca(H,PO,),H,0

(MCPM)
Dicalcium phosphate dihydrate (DCPD) CaHPO42H,0
Dicalcium phosphate anhydrous (DCPA) CaHPO,

Octacalcium phosphate (OCP) Cag(HPO,4),(HPO,)45H,0

Precipitated hydroxyapatite Cayp(PO4)s(OH)2

Amorphous calcium phosphate (ACP) -

Compounds obtained at high temperature

Monocalcium phosphate anhydrous (MCPA) Ca(H2P0O,)2

a-Tricalcium phosphate (a-TCP)
B-Tricalcium phosphate (B-TCP)
Sintered hydroxyapatite (SHA)
Oxyapetite (OHA)

Tetracalcium phosphate (TTCP)

a- Caz(PO,),
B- Caz(POy)2
Cai0(PO4)s(OH),
Cay0(PO4)sO

Ca4(PO4)20
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2.6.2 Calcium Phosphate ceramics

Calcium phosphate ceramics for bone substitution are available as granules or
blocks (Bohner, 2000). They can be obtained by a sintering process. Sintering is
a method for making objects from powder, by heating the material in a sintering
furnace below its melting point until its particles adhere to each other. Calcium
phosphate ceramics can be inert or bioactive. Inert bioceramics exert only a
minor fibrous reaction from the host. As for bioactive formulations there is direct
biochemical and biological interaction with the adjacent bone tissue and
therefore may promotes osseointegration (Oguchi et al., 1995). Hydroxyapatite

is one of the most extensively studied bioactive ceramics.

The limited ability of hydroxyapatite to degrade fully and subsequently be
replaced by surrounding tissues (Bohner, 2000) poses a major problem in the
regenerative therapy of alveolar bone. Furthermore, due to its poor mechanical
properties, hydroxyapatite has limited application as a bone grafting material in
load — bearing areas (Akao et al., 1981). For these reasons there has been in
recent years increased interest in the development of more degradable brushite

— forming cement formulations.

2.6.3 Calcium Phosphate Cements

The concept of apatite calcium phosphate cements (CPCs) was first introduced
by LeGeros in 1982 and later in 1986 when the first patent on self — setting CPC
was obtained (Brown and Chow, 1986). The calcium phosphate cement
discovery was an important breakthrough because the material was mouldable
and therefore could be adapted to the bone cavity, presenting a good fixation
and the optimum tissue — biomaterial contact necessary to stimulate bone
ingrowth. These features give CPCs better handling characteristics than

prefabricated calcium orthophosphate granules or blocks.

In general, CPCs are produced by a combination of single or several calcium
orthophosphates (powder phase) with an aqueous solution (liquid phase). Upon
mixing, calcium phosphate dissolves and precipitates into a less soluble
compound. During the setting process, the calcium phosphate crystals grow and

become entangled, thus providing a mechanical stiffness to the cements
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(Bohner, 2000). This setting mechanism differentiates calcium orthophosphate

cements from traditional bone substitute preparations (Bohner et al., 2000).

Despite the large number of formulations, CPCs can only have three different
end products; apatite (PHA), brushite (DCPD) and amorphous calcium
phosphate (ACP). However a study has shown that ACP is rapidly converted
into PHA (Bohner, 2000). Therefore, the CPC formulations can be categorized
into apatite CPC and brushite CPC. The final setting product is important in
determining solubility and therefore, in vivo bioresorbability.

2.6.3.1 Brushite Cements

Set brushite cement is composed of dicalcium phosphate dihydrate. This
cement is prepared by mixing water with powder consisting of an acidic calcium
phosphate and a basic calcium phosphate. Several compositions have been
proposed for brushite cement production e.g. B-TCP + MCPM (Mirtchi et al.,
1989b) and TetCP + MCPM + CaO (Constantz et al., 1998). The result of this
mixture is a mouldable paste that eventually solidifies with an exothermic
reaction forming a hard material. All brushite cements are obtained through acid
— base reactions and can only precipitate in acidic environments (pH lower than
6). For example, B-TCP and MCPM mixtures have a pH value close to 4 during
setting which later slowly changes towards the equilibrium pH of 5.9 (Bohner et
al., 1997b).

Commonly used acidic phosphate sources for precipitation of brushite cement
are monocalcium phosphate monohydrate (MCPM) and monocalcium
phosphate anhydrous (MCPA) (Nurit et al., 2002). However MCPM is much
more preferred than MCPA in view of the presence of the water molecule which
facilitates the setting reaction. MCPM contributes to one of two molecules
required by dicalcium phosphate to precipitate to form brushite. MCPM is the
most acidic compound among the calcium orthophosphates. In addition, MCPM
also has high solubility which renders this compound by itself not suitable to be

used as bone substitute (Bohner, 2000).

Tricalcium phosphate (TCP) is the most common source of basic calcium for

brushite cement precipitation (Tamimi et al., 2012). There are two forms of TCP;
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a — TCP and B — TCP. Both TCP have calcium to phosphate ratios of 1.5 and
similar chemical compositions but the crystallographic structures are different
(Bohner, 2000). Although both compounds have been successfully used to
produce brushite cements,  — TCP is much more preferred. This is attributed to
the sintering process of TCP where lesser energy is needed to produce f — TCP

than its counterpart.

2.7 Properties of brushite cement

2.7.1 Brushite Cement Setting Reaction

Early brushite cements had rapid setting reactions which made them difficult to
work with. The setting reaction consists of a cascade of events (see Figure 2.4).
The setting time of brushite cement is dependent on the solubility of the basic
phase (e.g. B — TCP). The higher the solubility of the basic phase, the faster the
setting time will be (Bohner, 2000). The original composition of brushite cement
set within 30 seconds (Mirtchi et al., 1989b). The reaction time however, can be
increased to a workable length. This can be achieved either by altering powder
to liquid ratio or incorporating setting retardant into the composition (Mirtchi et
al., 1989a).

The amount of water present in the composition will have an effect on the setting
time. Low powder to liquid ratio (i.e. high water availability) has been shown to
extend the working time of the setting brushite cements (Mirtchi et al., 1989a).
The reverse effect is to be expected if a high powder to liquid ratio (i.e. limited
water available) is used as this will favour rapid precipitation of the crystal. The
drawback of a low powder to liquid ratio is that the end product will have a
higher porosity and therefore lower strength (Bohner et al., 2005; Hofmann et
al., 2009).

Incorporating setting retardants into the composition will not only increase the
setting time, it will also lead to precipitation of smaller crystals and thus an
improvement of the mechanical properties of the cements. Examples of setting
retardants used are sulphuric acid, sodium pyrophosphate and sodium citrate
solution (Bohner et al., 1996). When citric acid is used as retardant, the citrate
ions in the B — TCP/MCPM system will interact with the § — TCP patrticles, thus
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limiting their dissolution
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Figure 2.4: Brushite cement setting reaction cascade.

and subsequently inhibit their setting (Alkhraisat et al.,
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2.7.2 Mechanical Properties of Brushite Cements

Ideally, biomaterials for dental applications and bone regeneration therapy
should have mechanical properties comparable to teeth and bone. When it was
first developed, brushite only had a diametral strength of approximately 1 MPa
(Mirtchi et al., 1989b). It has been shown that the compressive and diametral
tensile strength of brushite cement inversely correlated to its porosity; the higher

the porosity the poorer the mechanical performance (Hofmann et al., 2009).

High powder to liquid ratios will result in porosity reduction but at the expense of
speeding up the setting reaction. In addition, the cement cannot be properly
mixed and difficult to handle. In order to overcome this, introduction of additives
such as citric acid are necessary not only to allow better cement mixing (Barralet
et al.,, 2004) but also to act as a setting retardant. Setting retardants inhibit
crystallisation and produce smaller brushite crystals and subsequently better
cement compaction (Hofmann et al., 2009). In addition, delayed cement setting
has been associated with higher compressive strength (Nurit et al.,, 2002).
Although setting retardants have been shown to improve the mechanical
performances of brushite cement, there is an upper optimal concentration

beyond which strength reduction can occur (Hofmann et al., 2006).

The particle size of the calcium orthophosphate powder also has been shown to
influence the mechanical properties. Hofmann et al. (2009) reported that at a
combination of small particles and citric acid concentration of 800 mM, the
powder to liquid ratio could be raised as high as 4 g ml™, producing low porosity

cement with compressive strength of 52 MPa.

2.7.3 Degradation

The degradation process of brushite cement has been studied both in vitro and
in vivo conditions. It has been shown that this cement can be degraded through
cellular activity, dissolution, reprecipitated to hydroxyapatite or disintegration to
smaller particles (Frayssinet et al., 1998; Grover et al., 2003; Theiss et al.,
2005). During the first few weeks after implantation of brushite cements, rapid

resorption could be observed (Apelt et al., 2004). This process is mediated by
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simple dissolution and cellular activity. The macrophages rather than osteoclasts
have been identified to regulate the early resorption activity (Constantz et al.,
1998). This is in contrast to the in vitro findings where osteoclasts can penetrate
and demineralise brushite cement (Xia et al., 2006). Rapid degradation of

brushite could lead to immature bone deposition (Bohner, 2000).

Following in vitro incubation of brushite cement in aqueous media, depending on
conditions, the cement may be stable, dissolve, hydrolyse to hydroxyapatite or
may disintegrate (Constantz et al., 1998; Grover et al., 2003). In order for
dissolution to occur, the aqueous medium must be undersaturated with calcium
and HPO,” ions. However, if the saturation of aqueous media favours
hydroxyapatite formation, then hydrolysis of brushite cement to hydroxyapatite
may take place. In addition, this conversion may result in pH drops due to
dissolution of brushite cement could be expected due to its high solubility
(Grover et al.,, 2003). The particles released from cement disintegration of
cement could have an adverse effect on osteoblast function, viability,

proliferation and subsequently affect bone deposition (Pioletti et al., 2000).

2.7.4 Brushite cement as a drug delivery system

Many studies have been carried out looking at the potential of brushite cements
as a drug delivery system. Successful outcomes have been achieved when
antibiotics (Bohner et al., 1997a; Bohner et al., 2000; Young et al., 2008),
anticancer drugs (Otsuka et al.,, 1994a), anti — inflammatory medications
(Otsuka et al., 1994b) incorporated with brushite cement. An advantage of
brushite cement is that it has a porous microstructure and as such has the ability

to release different chemicals introduced into it (Ginebra et al., 2006).

In general, a potential drug carrier must have the ability to incorporate the drug,
to retain it a specific target site, and to deliver it progressively over time to the
surrounding tissue at therapeutic dose (Arkfeld and Rubenstein, 2005) with
predictable kinetics (Ginebra et al., 2006). Additional advantages are provided if

the material is injectable and biodegradable (Ginebra et al., 2006).

Drug can be incorporated into the cement either in their liquid or powder phase.

During the setting process, dissolution of calcium phosphate from the powder
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phase takes place, followed by precipitation of crystallization of cements. It was
postulated that the drug is dispersed within the matrix formed by the set cement
(Ginebra et al., 2006), however microscale inhomogeneities have been noted

with Raman Mapping (Young et al., 2008).

The drug release from brushite cement has been shown to be very rapid. This
problem could be addressed by modifying the porosity of the cements or
incorporation of polymers into the composition (Bohner et al., 1997a).

2.8 Chlorhexidine releasing, polyacrylic acid — modified brushite cement

for dental applications

2.8.1 Chlorhexidine

In dentistry, chlorhexidine (CHX) has been used widely as a chemotherapeutic
agent (Addy, 1986; Emilson, 1994; Gomes et al., 2001; Lang and Brecx, 1986).
Apart from dental indications, chlorhexidine has also been shown to successfully
reduce nosocomial infection in patients that require mechanical assisted
ventilation (DeRiso et al., 1996; Houston et al., 2002; Koeman et al., 2006).

Chlorhexidine is a cationic bisbiguanide with broad antimicrobial activity, low
toxicity and strong affinity for binding to skin, mucous membranes, teeth and
pellicles. No bacterial resistance or overgrowth of potentially opportunistic
organism or any other adverse changes in the oral microbial ecosystem have
been reported with long term use of chlorhexidine (Briner et al., 1986). It also
has been shown to have substantivity property which prolongs its therapeutic

effect for several hours (White et al., 1997).

Chlorhexidine has a wide spectrum of activity against both gram-positive and
negative bacteria, yeasts, dermatophytes and some viruses (Emilson, 1977). It
has both bacteriostatic and bactericidal activities at low and high concentration
respectively (Hugo and Longworth, 1964). The mode of action of chlorhexidine
is focused in the reduction of membrane formation and modification of the
bacterial cell wall. The phosphate and carboxyl group of bacterial cell is
characteristically negatively charged. The positively charged chlorhexidine

molecule is rapidly attracted to the bacterial cell surface, resulting in disruption
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of bacterial cell membrane integrity (Hugo and Longworth, 1964). As a
consequence permeability of the bacterial cell membrane increases and leakage

of low — molecular — weight components, such as potassium ions occurs.

Chlorhexidine can be incorporated into brushite cements and implanted to a
specific site for localised drug effects. Such potential sites include alveolar
socket defects associated with periodontitis, post — extraction socket
preservation and artificial apical barrier. However, rapid chlorhexidine release
rates from this complex should be expected (Young et al., 2008) due to porosity
of brushite cement (Ginebra et al., 2006), thus limiting the desired antimicrobial
effectiveness. Therefore, modification of the cement is required to prolong the
therapeutic effect of the system. This problem could be addressed by modifying
the porosity of the cements or incorporation of polymers into the composition
(Bohner et al., 1997a).

2.8.2 Polyacrylic acid

Polymers have been extensively studied for biomedical applications. Generally,
polymers can be classified into natural (e.g. collagen, gelatine and cellulose)
and synthetic (e.g. polyester and polyacrylic acid). Both types of polymer have
been added to calcium phosphate cements with the aim to improve and
overcome the intrinsic limitations of such inorganic cements (Perez et al., 2012).
Such improvements include prolonged setting time, better cohesion and
increase toughness and strength of calcium phosphate cement (Perez et al.,
2012).

Polyacrylic acid is a synthetic polymer which comprises chains of monomer
known as acrylic acids. It is in the liquid phase of glass ionomer cements; dental
filling and luting materials which are used widely in dentistry. The advantages of
glass ionomer cements include adhesion to the tooth structure without the need
for coupling agents or etching technique that is required with dental composite
placement. The adhesion is provided by interaction of the carboxylic group of
the polyacrylic acid with hydroxyapatite of enamel and dentine (Wilson et al.,
1967).
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Incorporation of polyacrylic acid has considerable effects on the mechanical
properties of calcium phosphate cements. Compressive strength of polyacrylic
acid modified calcium phosphate cements increased substantially compared to
cements without polyacryclic acid (Dos Santos et al., 2003). The improvement
can be due to reduction in porosity (Dos Santos et al., 2003), improved ductility
(Chen et al., 2008) and/or cross — linking between the polymer chains and
cements structure. The molecular weight of the polyacrylic acid is also likely to
influence the strength; the longer the chains the higher the strength due to lower
mobility of the structure (Majekodunmi et al., 2003).

Apart from improving the mechanical properties, polyacrylic acid has been found
to be able to regulate drug release from calcium phosphate cements. An in —
vitro study by Bohner et al (2000) showed that antibiotic (gentamycin sulphate)
release from brushite cement was successfully controlled over a period of a

seven days at a constant release rate compared to without.

Hence, polyacrylic acid offers possible beneficial effects to overcome problems
with conventional brushite cements; fast setting time, poor mechanical

properties, rapid drug release and difficult to control degradation.

2.9 Hypothesis

As discussed previously, conventional brushite cement has limited clinical
applications due to its inherent properties. Therefore, the hypothesis of this
study is that partial replacement of citric acid with polyacrylic acids in the cement

composition will:-

i) Improved working / setting time for application of the cement
1)) Improved mechanical properties

iii) Regulated chlorhexidine release from the cement

iv) Controllable degradation.
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2.10 Aim

The aim of this study is to assess if any of these can be overcome through
partial replacement of citric acid (used as a setting retardant) with polyacrylic
acid to make the formulations more suitable for the applications discussed
above.

The objectives are to assess the effects of varying polyacrylic acid and

chlorhexidine concentrations in a brushite cement on its:-

i. Setting reaction kinetics and final composition
ii. Mechanical properties
iii.  Microstructure
iv.  Chlorhexidine release rate
v. Degradation
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CHAPTER 3
MATERIALS AND METHODS
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3.0 MATERIALS AND METHODS

3.1 Background

In order to test the hypothesis, this study investigated the properties of brushite
cement modified by incorporating polyacrylic acid and chlorhexidine. The
formulations studied consisted of equimolar monocalcium phosphate
monohydrate (MCPM) and B-tricalcium phosphate (B-TCP) powders. Cements
were prepared by addition of an aqueous solution (3:1 powder to liquid ratio by
weight).The effects of two ratios of citric acid/polyacrylic acid and incorporation
of chlorhexidine were studied. The citric acid weight was varied to allow partial
replacement with polyacrylic acid. Figure 3.2 illustrates the experimental design

and properties being investigated.

3.2 Materials

Monocalcium phosphate monohydrate (median particle size 62 micron) and B-
TCP with median particle size of 7 micron were purchased from Rhodia,
Birmingham, UK. The particle size was determined by scanning electron
microscopy (SEM). Commercially available polyacrylic acid solution — Fuji 1X
(GC America Ins) and chlorhexidine diacetate salt hydrate from Sigma-Aldrich,
UK were used as supplied. Fuji IX was sent to the School of Pharmacy,
University College London for molecular weight determination. Analysis showed
that the molecular weight of polyacrylic acid in Fuji IX was ~ 2100 g/mol.
Distilled water was used as a solvent for citric acid crystals (Fisher,
Longborough, UK) and as medium in the mechanical, degradation and drug

release studies.

3.3 Cement and disc preparation

In the preparation of the cements, different compositions were manually mixed
until a homogenous consistency was established. The fluid pastes were
obtained by mixing powder : liquid in a weight ratio of 3:1. Powders contained
equimolar MCPM and B-TCP (1 and 1.23g respectively) and chlorhexidine (0.2

or 0.49). Liquid phases consisted of 800mM aqueous citric acid : polyacrylic acid
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liquid ina 1:1 or 3:1 weight ratio. In control formulations, drug and/or polyacrylic
acid were excluded but powder : liquid were maintained at 3:1. For identification,
formulation are coded as CxPy where x and y are approximate weight
percentages of chlorhexidine (0, 6 or 11 wt%) and polyacrylic solution (0, 6 and
12 wt.%) in the whole formulation (see Table 3.1).

10 mm diameter and 1 mm depth discs were prepared for the experiments using
metal washer rings as moulds. Acetate sheets were used to seal the surfaces of
the setting cements. All formulations were allowed to set at room temperature
for at least 24 hours before testing. The set cement discs were used in Raman,
microstructure, mechanical, degradation and drug release studies (see Figure
3.1).

Figure 3.1: Examples of set cements used in the current study.
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Table 3.1: Formulation codes and composition of each cement

Formulation MCPM B-TCP CHX 800mM Fuji 1X

Code powder powder powder  citric acid liquid
(9) (9) (@) solution (PAA

(9) solution)

(9)

CO PO 1.00 1.23 0.00 0.74 0.00
CO P6 1.00 1.23 0.00 0.55 0.19
CO P12 1.00 1.23 0.00 0.37 0.37
C6 PO 1.00 1.23 0.20 0.80 0.00
C6 P6 1.00 1.23 0.20 0.60 0.20
C6 P12 1.00 1.23 0.20 0.40 0.40
C11 PO 1.00 1.23 0.40 0.88 0.00
Cl1P6 1.00 1.23 0.40 0.66 0.22
Cl1 P12 1.00 1.23 0.40 0.44 0.44
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3.4 Study on setting kinetic, final composition and microstructure

3.4.1 Setting reaction kinetic

Fourier Transform Infrared (FTIR) spectroscopy is a type of infrared
spectroscopy. This technique is based on absorption spectroscopy which
involves absorption of electromagnetic radiation by sample over a range of
wavelengths. The radiation from FTIR source covers the whole range of infrared
frequencies (2 x 10™ to 1 x 10°® m).

An infrared spectrum is obtained by passing the infrared radiation through a
sample. This radiation is absorbed at particular energy and causes vibration of
atoms of a molecule. The energy at which the peak in the absorption spectrum
appears correspond to the frequency of a vibration of a part of molecule. The
vibration can affect the whole molecule, individual bonds or functional group
within the molecule. The vibration can involve either a change in bond length
(stretching) or change in bond angle (bending). In addition, some bonds can
stretch in-phase (symmetrical stretching) or out — of — phase (asymmetrical

stretching).

The frequency of vibration of the bond is directly proportional to the strength of
the bond. The bonds of different groups within molecules will vibrate at different
frequencies. The stronger the bond between atoms or molecules the higher the
vibration frequency. As examples, double bonds are stronger than single bonds

between like pairs of atoms, therefore they vibrate at higher frequencies.

In this study, FTIR was used to study the reaction kinetics of all compositions.
This technique provided average spectra of the reactants and products versus
time. Final set time could be determined when spectral changes became

negligible.
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Figure3.3: Schematic illustration of spectrum production from sample by FTIR.
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3.4.1.1 Experimental design for setting reaction kinetic

A Perkin Elmer Series 2000 FTIR spectrometer (Beaconsfield, UK) was used to
assess real-time cement setting reactions. The background was scanned first
without any sample on the ATR diamond piece so that the ratio of light intensity
through the instrument with and without the sample could be calculated by the

computer.

Reference spectra for the reactants were obtained. Approximately 0.35¢g of each
formulation paste was then placed on the diamond of a golden gate ATR
attachment (Specac) temperature controlled at 37°C. Chemical reactions of
different formulations of chlorhexidine containing brushite cement were
monitored and the end products were identified by comparison of spectra with

those of pure compounds.

Cement spectra between 500 and 4000 cm™ with a resolution of 8 cm™ were
obtained every 6.4s from within 30s from the start of cement mixing using
Timebase software (Perkin Elmer). Each scan was initially set to last for 2 hours.
However, it was noted that for cements containing polyacrylic acid, the setting
reactions has not completed within 2 hours, thus scan time was extended up to
12 hours.

To confirm what processes were occurring during set, difference spectra were
calculated by subtracting the first spectrum from that at later time. Such
difference spectra are characteristic of chemical reactions occurring (Hofmann
et al., 2006; Young et al., 2004).

The absorbance changes of the composition showed the formation of dicalcium
phosphate and complexation between polyacrylic acid and brushite. Therefore,
absorbance at 1052 cm™ was used to quantify reaction rates because it shows
substantial increase upon dicalcium phosphate formation in hydrated, anhydrous
and complexed form (Hofmann et al., 2006). An apparent fractional reaction

extent, C,, (Grover et al., 2005) was defined and calculated using:

A-A
¢ =
Af AO (1)
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Ao, A, and A are absorbance at 1052cm™ initially, at time t and finally. A, and Ay
were calculated by linear extrapolation of early absorbance versus time, or late
absorbance versus inverse time, to zero (Hofmann et al., 2006). Furthermore,
absorbance versus time at 1340 cm™ is provided to demonstrate relative levels

of polyacrylate - brushite complex formation.

3.4.2 Final composition study

In this study, the final composition of the set cement was determined with
Raman spectroscopy. Spectroscopy refers to study of the interaction between
matter and radiated energy. Generally, when a monochromatic light i.e. radiation
of single wavelength interact with a sample, the light may be reflected, absorbed
or scattered. The basis of Raman Spectroscopy is detecting scattered radiation
of different wavelength from a sample to determine or identify the molecular
structure. In this study, the source of radiation was generated from a laser. The

laser produces a stream of photons to interact with the sample.

After interaction with a molecule, the scattered radiation will either have the
same frequency / energy as the incident radiation or there is energy exchanged
between photon and molecules during collision. The scattering process without
a change of frequency is called Rayleigh scattering. On the other hand, when
there are changes in the frequency, this phenomenon is known as Raman
scattering. Raman scattering can further divides into Stokes’ and anti — Stokes’

radiation.

Radiation scattered with a frequency lower than of the incident radiation is
referred to as Stokes’ radiation, while that at higher frequency is called anti —
Stokes’. Therefore, it is the change in the wavelength of the scattered photon
due to either energy gained or lost during interaction between photon and

sample will provides characteristic chemical and structural information.

Raman mapping is a technique for generating detailed chemical images based
on a sample’s Raman spectra. Several spectra of an area are acquired from all
over the field of view. These spectra can then use to generate images showing

the location and amount of different species.
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3.4.2.1 Experimental design for final composition study

Raman mapping studies and average spectra of sample discs were obtained
using a LabRam spectrometer (Horiba JobinYvon, Stanmore, UK). Material bulk
composition was examined by fracturing a dry sample and investigating the
centre of the fracture surface. In addition, reference spectra for brushite and
reactants used for cement preparation were also obtained to allow comparison
between pure compounds and final product.

The instrument was equipped with a 633 nm laser and grating set at 1800. A
X50 magnification objective and wavenumber range of 700 to 1650 cm™ was
used. Spectra were obtained every 2 um across an area 50 x 50 um for each
specimen. Scan number and time were varied to ensure sufficiently noise free
spectra. LabRam software (Horiba JobinYvon, Stanmore, UK) was used to
generate average spectra of the cement samples and compositional maps of the

material bulk.

3.4.3 Microstructure study of set cement

In this study, the effects of the polyacrylic acid and chlorhexidine on the
microstructure of brushite cement were investigated using a scanning electron
microscope (SEM). SEM uses a beam of highly energetic electron to examine
objects on the micron scale. A stream of electrons is formed in high vacuum (by
electron guns). This stream is accelerated towards the specimen (with a positive
electrical potential) while is confined and focused using metal apertures and
magnetic lenses into a thin, focused, monochromatic beam. The sample is
irradiated by the beam and interactions occur inside the irradiated sample,
affecting the electron beam. These interactions and effects are detected and

transformed into an image.

3.4.3.1 Experimental design for microstructure study of set cement

The morphology of each cement was examined with a JEOL 5410 LV (JEOL,
UK) scanning electron microscopy at 20 kV. The cements were snapped in

order to obtain cross-sectional fracture. These cements were then placed on a
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aluminium stubs and sputtered by gold-palladium under vacuum (Polaron
E5000, Quorum Technology, UK). High resolution images of the bulk of the
cements were taken at x500, x1000, x1500, x2000 and x5000 magnifications.
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3.5 Mechanical Property Studies

3.5.1 Hardness study

The hardness test evaluates the material’'s ability to resist plastic deformation
from a standard source (indenter). It provides an indication of the resistance of
the material to scratching or abrasion. There are two types of hardness tests;
macro and microhardness depending on the load test used. Macrohardness
study refers to experiment using larger test load (more than 1 kilogram — force
(kgf). On the other hand, microhardness test utilised load test between 1 and
1000 grams — force (gf). In this study, the load test weighted 64.7 gf, therefore it

is a microhardness test study.

This test is performed by pressing an indenter of specified geometry into the test
surface using controlled test force. In this study the indenter geometry is in the
shape of pyramid. This results in impression or indentation on the cement
surface. The depth of the impression will depend upon the hardness of material.

3.5.1.1 Experimental design for hardness study

The cements were examined using Wallace indentation hardness tester (H.M
Wallace, Croydon, England — serial number 067851/1), with a load cell of 64.7g.
Indentations were performed at 1 hour and 24 hours after mixing. The duration
of each load application was 15 seconds. Seven applications were carried out
for each composition. The depth of indentation was then recorded. For each
sample an average of hardness measurement, expressed as the Vickers
Hardness Number (VHN), was calculated using the following equation (Fuentes
et al., 2003):

d? (2)
Where VHN is Vickers Hardness number, F is load and d is mean diagonal of

indentation in millimetres. This formula is derived from the geometry of the

indenter and area of indentation (see Figure 3.5).
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Figure 3.5: Geometry of the Wallace hardness machine indenter (adapted from
Wallace indentation hardness tester instruction manual)

2B

22

68

(a) Cross section view

2B

2B

(b) Top view

Figure 3.6: (a) Cross section view of indenter and (b) top views of indentation of
the cement surface. h is the depth of indentation and d is the diagonal of
indentation.
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VHN is expressed as:

(3)

<
T
Z

I
>| T

where F is kilograms - force and A is area of indentation. Based on the geometry
of the indenter (see Figure 3.5 and Figure 3.6), the area of indentation can be

calculated from the following formula:

2
__ a9 (4)
2sin68°
d2
~ 5
1.8544 ©)

Where d is diagonal of indentation which can be calculated from Pythagorean
Theorem:

d=2VB%+ B? (6)
~d=2x+2B (7)

Where B is half the length of side of the cross section of the indenter (see Figure

3.6). B is calculated from the following equation.

__~h 8)
B= tan 22°

Where h is depth of indentation by the Wallace hardness machine indenter in
millimetres.

Therefore, VHN can be expressed as;

1.854F )

The calculated VHN unit was then converted to GPa.
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3.5.2 Biaxial flexural strength and modulus

In the literature, mainly the types of test used to evaluate calcium phosphate
cement hardness were compressive test and diametral tensile test. Diametral
tensile test is an alternative to direct tensile strength test and has been
advocated to gauge strength of brittle materials such as brushite cement. In both
test methods, the samples cements were casted in the form of cylindrical shape
(Bohner et al., 1996; Mirtchi et al., 1989b; Ratier et al., 2001; Tamimi et al.,
2008a).

In this study, however, the cement’s strength was determined by biaxial flexural
strength testing method. Biaxial flexural strength is defined as the maximum
stress experienced in the material at failure when subjected to bending load.
The rationales of using this type of test were based on possible applications of
this cement a as dental material; which can be subjected to flexural stresses
during mastication, the nature of brittle set cement and easy to produce disc -
shaped testing samples (Chung et al., 2004; Morell, 1998).

The test is known as biaxial flexural test due to the set up of the experiment. The
disc — shaped cement is supported near its periphery by a continuous ring
shaped structure and later loaded by coaxially located ball. Hence, the support
and ball are in the same axis during the test. In this study, given that the disc —
shape is circularly symmetrical, the stress field is equibiaxial in the central region
in which it is a maximum. In addition, this method will minimise the effect of the
test specimen edge preparation compared to uniaxial test because the

generated stresses are lowest at the test specimen edges (Morell, 1998).
Biaxial flexural modulus is a measurement of stiffness or elasticity of a material.

It is a ratio of stress to strain which describes how much a material will stretch

when put under a given stress. Hence, it is a resistance to elastic deformation.
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Figure 3.7: Top and front views of biaxial flexural strength experiment set up. The
applied force and support are in the same axis.

Top view
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Figure 3.8: Stress field of disc - shaped cement under biaxial flexural test method
is equibiaxial in the central region in which it is a maximum. Blue area
demonstrates the maximum stress region. The stresses are equally distributed
along its radial direction in which the stresses generated at the edge of the
specimen are the lowest.
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3.5.2.1 Experimental design for biaxial flexural strength and modulus

Six discs for each cement composition were hydrated in distilled water for 24
hours at 37°C. Sample thickness, t, was measured at three different points and
averaged. The mechanical strength of the cements were determined using an
Instron Model 4505 Universal Testing Machine compressive tester provided with
a load cell of 1kN, as illustrated in Figure 3.9. The crosshead speed was fixed at

1 mm/min.

The hydrated disc specimen was placed on a knife edge ring support (radius a =
4 mm) and then loaded by a spherical tip (Borger et al., 2002) in an Instron
mechanical testing jig. The maximum load (kN) at fracture, P and load versus
central displacement gradient, dP/dw were determined. These were used to

calculate strength, o and biaxial flexural modulus, via (Timonshenko SP, 1964):

o= tE?_ {(1+ 0{0.485 In[%) + o.szJ + 0.48} (10)

and

- :[ dP }{0.5024#}
do t3 1)

v is Poisson’s ratio and was taken as 0.3 (Akinmade and Nicholson, 1995;
Charriére et al., 2001).
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Figure 3.9: Schematic diagram of biaxial flexural strength test
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3.6 Degradation, pH solution and Drug release studies

3.6.1 Degradation study

Fully set discs of each composition (n= 3) were weighed and immersed in 10 ml
of distilled water (at 37 °C) within sterilin tubes. At time points of 1, 2, 4, 8, 24,
72, 168, 336 and 672 hours the specimens were removed, weighed and

replaced in fresh distilled water. Percentage mass change was calculated using:

m, —M,

Am(%) =100 (12)

0

where my and m;are sample mass initially and at time t.

The storage solutions were kept aside for pH analysis and UV analysis to
determine chlorhexidine release kinetics.

3.6.2 pH solution study

The solutions obtained from chlorhexidine release study were all examined with
Jenway 3340 pH/lon Meters (BDH, Poole, Dorset, UK) to determine the pH of
solution at different time point.

3.6.3 Drug release study

3.6.3.1 Chlorhexidine release profile

Ultraviolet (UV) spectroscopy is an important quantitative tool in analytical
chemistry and was used, to quantify chlorhexidine release in this study. The UV
spectrometer used operates on the double beam principle, with one beam
passing through the sample and the other passing through the reference cell

containing distilled water.

Cells for UV spectroscopy are made of quartz, glass or plastic. The standard UV

cells are about 1 cm square and 3 cm high. The faces that are placed in the
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beam are polished, and the cell is constructed so as to give a path length of

exactly 1 cm.

After passing through the cells, the transmitted light will hit the detector, which
will measure the ratio of the intensity of the reference beam (lp) to the sample

beam (). UV spectroscopy follows the Beer — Lambart Law:

A=log,, (lTO) = gl (13)

Where A, is absorbance, c is concentration of the compound, | is path length of
the cell and ¢ is molar extinction coefficient which is constant. This constant is a
measure of how strongly the compound absorbs at specific wavelength. Since
the standardised UV cell has the same path length, therefore the equation could

be simplified to:
A=c¢c (14)

In general if the molar extinction coefficient for a compound is known at a given
wavelength, measuring the absorbance at this wavelength permits the

determination of the concentration of the sample.
3.6.3.2 Experimental design for chlorhexidine release profile

To quantify chlorhexidine release, UV spectra of each storage solution from
mass loss studies was obtained between 200 - 400 nm using a Unicam UV 500
spectrometer (Thermo Spectronic, UK). The value ratio that an UV spectrometer
can tolerate is either 10 (logio 10 = 1) or 100 (logy0 100 = 2). In this study, the UV
spectrometer maximum absorbance is 1. Hence, if absorbance exceeded 1 at
255nm, solutions were diluted with distilled water, the dilution factor recorded

and new spectra generated.

A chlorhexidine calibration curve was obtained by plotting the absorbance at 255
nm against the concentration for standard chlorhexidine solutions containing 1,
5, 10 and 20 ppm of drug. For pure chlorhexidine solutions, a Beer Lambert law

extinction coefficient of 45.9 cm*mg at 255 nm was found. This was used to
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calculate chlorhexidine concentrations in storage solutions and converted to

cumulative percentage at a given time from each specimen.

3.7 Error analysis

95% confidence interval was calculated using

25D

Cl n

(15)

SD is the standard deviation and n the number of samples (six for mechanical
data and three for mass loss and chlorhexidine release). Results were
considered significantly different when the CI error bars did not overlap.
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Figure 3.10: Experimental flowchart for degradation, pH and chlorhexidine release
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4.0 RESULTS | — SETTING KINETIC, FINAL COMPOSITION AND
MICROSTRUCTURE

4.1 Setting Kinetic

4.1.1 Reference spectrum for reactants

Figure 4.1 — Figure 4.6 illustrate the FTIR reference spectra for reactants used
in the experiments. Figure 4.1 shows the reference spectrum for monocalcium
phosphate monohydrate (MCPM). The spectrum consists of strong P — O stretch
peaks at 1075 and 955 cm™ and moderate peaks at 850 cm™ (Hofmann et al.,
2006; Xu et al., 1999).

Figure 4.2 illustrates the reference spectrum for B — tricalcium phosphate
(B-TCP). A broad stretch at 1000 cm™ can be observed in the spectrum. Figure
4.3 shows the reference spectrum for chlorhexidine (CHX). There were peaks
around 1500 cm™ due to benzene ring C = C, and N = C and N — H stretching
(Harwood et al., 1999; Young et al., 2008).

Water spectrum is exhibited in Figure 4.4. The sharp peaks at 1640 cm™ and
broad peak at 3300 cm™ both result from O — H stretching (Hofmann et al.,
2006; Xu et al.,, 1999; Young et al.,, 2004). Figure 4.5 shows the reference
spectrum of the aqueous phase of citric acid. Peaks at 1640 and 3300 cm™ were
due to water O - H stretching. The peaks at 1420 and 1532 cm™ correspond with
symmetric and asymmetric COO' stretching (Hofmann et al., 2006). In addition
there were moderate peaks at 1720, 1016 and 1096 cm™ that correspond with C
= O and C - O stretching (Young et al., 2004).

Figure 4.6 shows the spectrum of polyacrylic acid in the aqueous phase. 3340
and 1640 cm™ peaks were correspondent to O — H stretching. There was also a
weak peak at 1450 cm™ which can be allocated to an O — H bend. The sharp
peak at 1720 cm™ was consistent with a C = O stretch (Young et al., 2004). In
addition, there were peaks at 1092 and 1240 cm™ which were likely due in part
to the C — O bond (Harwood et al., 1999; Young et al., 2004).
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Figure 4.3: Reference spectrum of CHX (powder phase).
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Figure 4.6: Reference spectrum for polyacrylic acid (aqueous phase).
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4.1.2 Setting reaction

Figure 4.7 — Figure 4.15 illustrate the absorbance spectra of each composition
at different times.

4.1.2.1 Setting reaction of brushite cement

Reference spectra for brushite cement (CO P0) with PLR of 3 g mI™ and 800 mM
citric acid at 37°C is given in Figure 4.7. Peak changes due to an intermediate
phase (1600, 1440 and 940 cm™) were noted initially but were then slowly
replaced upon formation of the final product. The final product had sharp P - O
peaks at 1116, 1050, 980, and 868 cm™ in addition to 3 sharp (1652, 3540 and
3480 cm™) and 2 broad (3280 and 3172 cm™) peaks due to O - H stretching.
These O - H and P - O peaks were consistent with dicalcium phosphate
dihydrate (DCPD, brushite) formation (Hofmann et al., 2006; Xu et al., 1999).

4.1.2.2 Polyacrylic acid effects on setting reaction

Polyacrylic acid addition caused significant changes in the brushite cement
setting kinetics. The sharpened brushite O - H peaks (e.g. at 1644 cm™) were
not observed at any time. Additionally, only two of the sharp, strong P - O peaks
(1120 and 1052 cm™) developed (see 4.8 and Figure 4.9). Addition of polyacrylic
acid substantially delayed the setting rates. Both compaositions with low (CO P6)
and high (CO P12) polyacrylic acid were still showing absorbance changes at
1200 seconds. Indeed the P - O peaks did not reach their maximum values until
12 hours. As can be seen, after the initial period, the broad peaks at 1640 and
920 cm™ reached maximum values, but were then slowly replaced by 1052 and

1120 cm™ peaks.

4.1.2.3 Chlorhexidine effects on setting reaction

The absorbance spectra for the cement with low (C6 PO) chlorhexidine are given
in Figure 4.10. All peaks consistent with brushite formation were observed.
There were relatively no changes in absorbance from 1200 to 7200 seconds
which suggested the cement had fully set and the chemical reaction was

complete. Time — dependent spectra suggest that low chlorhexidine has a
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limited effect on the setting reaction rate. When compared to reference spectra,
additional peaks around 1550 cm™ were present. These peaks correspond to

chlorhexidine peaks.

Cement with high chlorhexidine (C11 P0) exhibited accelerated setting reaction.
The strong P - O peaks and O - H peaks could be observed as early as 600s
(see Figure 4.13) compared to C6 PO and CO PO at 1200s. All corresponding
peaks to brushite cement were formed with chlorhexidine 11% (w/w).

4.1.2.4 Combination effects of chlorhexidine and polyacrylic acid on

setting reaction

The time - dependent absorbance spectra for cements with low chlorhexidine
and varied polyacrylic acid concentration; 6% (w/w) and 12% (w/w) are
illustrated in Figure 4.11 and Figure 4.12. The peaks around 1500 cm™ were due
to benzene rings C = C (aromatic hydrocarbon), and C = N and N - H stretching
in chlorhexidine. Changes with time were similar to those observed in Figures
4.8 and 4.9 with polyacrylic acid i.e. P - O peaks at 1052 and 1120 cm™ only and
gradual change in absorbance at ~1350 cm™ They may indicate stable
formation of calcium - polyacrylate complex. These complexes were present in
all compositions with polyacrylic acid. The calcium - polyacrylate complex peaks

gradually reached a maximum value at 43200 seconds.

The absorbance spectra for compositions with high chlorhexidine and varied
polyacrylic acid are given in Figure 4.14 and Figure 4.15. For C11 P6, all of the
P - O (1126, 1054, 984 and 868 cm™) and O - H (3482, 3536, 3280, 3160 and
1648 cm™) peaks which correspond to brushite could be observed. However,
when the concentration of polyacrylic acid increased to 12% (w/w) 2 sharp P - O
peaks (1052 and 1124 cm™) with additional weak peaks of 984 and 820 cm™
were noted. There was a strong peak at 1520 cm™ associated with chlorhexidine
spectrum. By increasing the chlorhexidine concentration from 6% (w/w) to 11%
(w/w), the formation of the calcium — polyacrylate complex was not as

observable as to compositions with low chlorhexidine concentration.
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Figure 4.7: Reference spectra of brushite cement (CO P0O) at PLR of 3 g ml™ at

37°C, prepared with citric acid concentration of 800 mM.
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Figure 4.9: Time — dependent FTIR spectra of setting cement with high PAA (CO

P12) with time at 37°C.
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Figure 4.10: Time —dependent FTIR spectra of setting cement with low CHX (C6
P0O) with time at 37°C.
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Figure 4.11: Time — dependent FTIR spectra of setting cement with low CHX and

low PAA (C6 P6) with time at 37°C.
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Figure 4.12: Time —dependent FTIR spectra of setting cement with low CHX and
high PAA (C6 P12) with time at 37°C.
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Figure 4.13: Time — dependent FTIR spectra of setting cement with high CHX (11
PO) with time at 37°C.
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Figure 4.14: Time — dependent FTIR spectra of setting cement with high CHX
low PAA (C11 P6) with time at 37°C
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Figure 4.15: Time — dependent FTIR spectra of setting cement with high CHX and
high PAA (C11 P12) with time at 37°C
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4.1.3 Difference spectra

The following figures (Figure 4.16 — Figure 4.24) represent difference spectra for
each composition. Difference spectra, obtained by subtracting one spectrum
from another at a different time i.e. absorbance changes, are characteristic of

the reaction taking place.

4.1.3.1 Absorbance changes of brushite cement

Figure 4.16 shows the difference spectra of compositions with no chlorhexidine
or polyacrylic acid (CO P0). The difference spectra suggested that there were
two processes occurring before final product formation. The first process
occurred up to 600s. This process involves the formation of dicalcium peaks
(1110 and 1052 cm™) and concomitant intermediate complex (dicalcium citrate).
The intermediate complex peaks could be observed at 1440, 1576 and 960 cm™;
comparable in shape and position to the peaks in the calcium citrate spectra
(Hofmann et al., 2006). During this period, water was yet to be bound into the
final product.

After the initial period, at 1200s, the dicalcium phosphate peaks reached their
maximum values. This was followed by the second process which indicates
dissolution of the intermediate complex. This process could be observed with
development of troughs in the region of 1440, 1576 and 880 cm™. The
dissolution was accompanied by rapid formation of strong peak at 980 cm™ to
form the final product which is brushite. This has several sharpened O — H

peaks indicative of water complexed with brushite.

4.1.3.2 Polyacrylic acid effects on absorbance changes

Figure 4.17 shows difference spectra of cement with low polyacrylic acid (CO
P6). The setting reaction also involves two processes. The same first process as
in brushite could be observed at initial period. However, in contrast to brushite,
at 600s, only weak peaks of dicalcium phosphate and dicalcium citrate complex
could be noted (see Figure 4.17) which suggests a delay in the setting reaction.

At 1200s, rapid formation of both compounds could be observed.
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Instead of dissolution of dicalcium citrate, the second process involved formation
of stable dicalcium polyacrylate. This is represented by formation of a broad
shoulder at the region of 1340 and 1520 cm™ at 3600s. In addition, there were
also two broad troughs centred around 1240 and 1700 cm™. The broad shoulder
can be assigned to symmetric and asymmetric stretching vibrations of the
acrylate COO’". This chemical group would be formed upon neutralisation of a
polyacrylic acid, COOH group (Young et al., 2004). This process would result in
loss of C = O and C - O stretch peaks around 1700 and 1240 cm™ respectively
and account for the troughs in the difference spectra.

Compared to brushite cement formation, this stable complex did not dissolve
upon formation of final product. Furthermore, 980 cm™ and O - H peaks could
not be observed during the setting reaction.

Figure 4.18 shows the difference spectra of compositions with high polyacrylic
acid (CO P12). The same processes as in CO P6 could be observed. However
dicalcium citrate complex could not be observed. This results from a higher

concentration of polyacrylic acid in addition to lower citric acid levels.

4.1.3.3 Chlorhexidine effects on absorbance changes

The difference spectra of low and high chlorhexidine are demonstrated in Figure
4.19 and 4.22. Both compositions exhibit the same difference spectra profiles as
brushite cement. The dicalcium phosphate peaks, 980 cm™ and O-H peaks also
could be observed in the end-product of these compositions. Therefore,
incorporation of chlorhexidine does not interfere with formation of brushite

cement.

The setting time however, was accelerated by the presence of chlorhexidine in
the composition. This was more pronounced in compositions with high
chlorhexidine concentration (see Figure 4.22). With C11 PO, O - H peaks could
be detected as early as 600s compared to CO PO and C6 PO. The rapid setting
process could be explained by interactions between chlorhexidine and citric ions

inhibiting the calcium chelating effect of citric acid.
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4.1.3.4 Combination effect of chlorhexidine and polyacrylic acid on

absorbance changes

The difference spectra of compositions with low chlorhexidine; C6 P6 (see
Figure 4.20) and C6 P12 (see Figure 4.21) were similar to CO P6 and CO P12.
Both dicalcium phosphate and dicalcium polyacrylate characteristic spectra
could be observed. In addition to this, at early times there were troughs noted in
the 1500 cm™ region which suggests dissolution of chlorhexidine. These troughs
however, were replaced by weak peaks which suggest formation of dicalcium
polyacrylate complex at later time. O - H peaks and 980 cm™ peak were missing
from the final product spectra.

Different absorbance changes were exhibited in the compositions with high
chlorhexidine; C11 P6 and C11 P12. With C11 P6 (see Figure 4.23), at 600s,
there were moderate peaks of dicalcium phosphate and 980 cm™. In addition,
broad troughs developed at regions between 1240 and 1700 cm™. This would
suggest dissolution of chlorhexidine and polyacrylic acid during the setting
reaction, which allows the formation of the 980 cm™ peak. The high availability of
chlorhexidine in the composition resulted in interaction of chlorhexidine with both
polyacrylic acid and citric acid thus preventing the formation of dicalcium citrate

and dicalcium polyacrylate complexes.

Between 600s and 1200s there was rapid formation of dicalcium phosphate and
980 cm™ peaks. Furthermore, O - H peaks could be observed as early as 300s.

These features suggest the end product was brushite cement.

Figure 4.24 shows difference spectra of composition with high chlorhexidine and
high polyacrylic acid (C11 P12). In addition to the dicalcium peaks, the final
spectra consist of weak peak of 980 cm™ and an extra peak at 1010 cm™. The
1010 cm™ is most likely to correspond to P - O stretch of dicalcium citrate

complex (Hofmann et al., 2006).

The strong peaks at region of 1500 cm™ correspond to chlorhexidine spectra.
The same strong peaks could not be observed in other compositions. This
suggests precipitation of chlorhexidine salt on the cement surface. In contrast to

Cl1 P6, water was not bound into the cement during its precipitation.
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Figure 4.16: Effect of time on difference spectra of brushite cement — CO PO

(calculated by subtraction of spectra at initial) for cements at 37 °C.
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Figure 4.17: Effect of time on difference spectra of cement with low PAA — CO P6

(calculated by subtraction of spectra at initial) for cements at 37 °C.
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Figure 4.18: Effect of time on difference spectra of cement with high PAA — C0 P12

(calculated by subtraction of spectra at initial) for cements at 37 °C.
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Figure 4.19: Effect of time on difference spectra of cement with low CHX — C6 PO

(calculated by subtraction of spectra at initial) for cements at 37 °C.
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Figure 4.20: Effect of time on difference spectra of cement with low CHX and low
PAA — C6 P6 (calculated by subtraction of spectra at initial) for cements at 37 °C.
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Figure 4.21: Effect of time on difference spectra of cement with low CHX and high
PAA — C6 P12 (calculated by subtraction of spectra at initial) for cements at 37 °C.
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Figure 4.22: Effect of time on difference spectra of cement with high CHX — C11 PO
(calculated by subtraction of spectra at initial) for cements at 37 °C.

- 0.6
—120s ——300s P-O peaks
——600s  ——1200s i - 05
——3600s ——7200s o
~10800s 21600s : 980 - 04 o
———32400s ——43200s S
- 03§
02 8
Trouahs indicate dissolution of PAA and CHX ©
- 01 2
3
. A= 0.0 fti
1800 600
- -0.1
wavelength (cm-1) - -0.2

Figure 4.23: Effect of time on difference spectra of cement with high CHX and low
PAA — C11 P6 (calculated by subtraction of spectra at initial) for cements at 37 °C.
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Figure 4.24: Effect of time on difference spectra of cement with high CHX and high
PAA — C11 P12 (calculated by subtraction of spectra at initial) for cements at 37°C.
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4.1.4 Reaction extent

Reaction extent refers to how far the setting reaction has gone towards
completion, with a value of 1.0 indicating the setting process has completed.
The following equation can be used to describe in detail how the reactions vary

with time:

&, = (ArAo)/ (Ar- Ao) (16)

Where, A is the FTIR absorbance at a wavenumber where significant change
with time is observed. The subscripts, t, 0 and f indicate values at any time t,

initially and finally respectively.

Based on absorbance spectra and absorbance changes from all compositions, it
was noted that the absorbance at 1052 cm™ (corresponding to the P — O stretch
peak) shows the largest increase with formation of both brushite and the
dicalcium polyacrylate complex. Therefore the reaction extent from this specific

wavelength is calculated using the above mentioned equation.

For a simple reaction i.e. brushite formation in composition without polyacrylic
acid, reaction extent will be independent of the wave number chosen to examine
the reaction. However, the presence of polyacrylic acid results in more complex
setting processes, therefore reaction extent versus time at several wave
numbers needs to be examined i.e. 1520 and 1340 cm™. The 1340 cm™ peak

corresponds to formation of dicalcium polyacrylate complex.

4.1.4.1 Chlorhexidine effects on the reaction extent

Figures 4.25 — 4.27 provide the reaction extent from the 1052 cm™ peak for all
samples. With zero (Figure 4.25) and low chlorhexidine (6% w/w) (Figure 4.26)
there was a delay in the setting reaction noted initially. With 11% (w/w)
chlorhexidine (Figure 4.27) however, no such delay was detected. The high
concentration of chlorhexidine prevented the delay in setting that provides the
working time of the cement. It suggests interaction between this drug and the
citric acid, thus the brushite crystal precipitates without the inhibitory effect of the

citrate ion.
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4.1.4.2 Polyacrylic acid effects on reaction extent

Generally, increasing polyacrylic acid concentration results in declined {;05, and
a subsequently prolonged setting reaction. With no polyacrylic acid, {05, Was
within 90% of its maximum value of 1.0 within 1000s irrespective of
chlorhexidine content. The same however could not be observed in CO P6 and
CO0 P12 where both compositions reached a reaction extent of 1.0
(approximately) at 15000s (4.2h). The plotted reaction extents for both
compositions overlapped at a later time (1500s and onwards) which suggests
that differences in polyacrylic acid concentrations only affected the earlier

reaction kinetics.

4.1.4.3 Combination effect of both CHX and PAA on reaction extent

The combined effects of chlorhexidine and polyacrylic acid on brushite cements
setting kinetic are complicated. When compared to controls, at initial time points
(1000s), all samples with both reactants had values of {iqs, far less than 1. The
reaction extent demonstrated that the formation of dicalcium phosphate was

substantially slowed.

For all formulations with low chlorhexidine concentrations, 6% (w/w) (see Figure
4.26), the setting reaction was complicated by a second slow complexation
reaction between polyacrylic acid and dicalcium phosphates to form a stable
dicalcium polyacrylate complex, which takes 12 hours to complete. This
substance is more dominant in C6 P12 as there are more polyacidic groups
available to bind with calcium phosphate. The formation of such a complex could

be observed from reaction extent of 1340 cm™.

For a given chlorhexidine concentration, the plotted reaction extent versus time
overlaps at short time. Chlorhexidine, being basic, may complex with both
polyacrylic and citric acid. This can reduce the ability of these acids (negatively
charged) to chelate with calcium ions. With higher concentrations of
chlorhexidine, more of the acid will be bound. This will reduce the ability of the
acid to slow the setting process. When there is a higher concentration of

polyacrylic acid and lower level of chlorhexidine the second setting process
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becomes more dominant as there are more polyacidic groups available to bind

with the calcium phosphates (see Figure 4.27).

The reaction extent after 10000s calculated using absorbance at 1340 cm™
could be made to overlap for all compositions containing both chlorhexidine and
polyacrylic acid by varying the value used for Ay (see Figure 4.28). This
suggests that varying neither polyacrylic acid nor chlorhexidine can speed up
the rate at which the second process reaches equilibrium. For all samples this
second process is 90 % complete at 30000 s (8.3 hours).
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Figure 4.26: Reaction extent (1052 cm'l) as a function time for samples with low
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Figure 4.27: Reaction extent (1052 cm™) as a function time for samples with high
CHX. Time is in loggscale.
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4.2 Final Composition

4.2.1 Raman reference spectra

Figure 4.29 shows the Raman reference spectra and peak assignments for the

reactants used in the experiment. The spectrum of polyacrylic acid in the

agueous phase was associated with noticeable noise. This spectrum had broad

peaks centred in the region of 1200 and 1400 cm™.

In addition, a reference spectrum for brushite was also obtained to allow

comparison between the samples and the control. As can be seen in Figure

4.29, set brushite cement exhibited strong and moderate peaks at 980 and 872

cm™ respectively. The sharp peak at 980 cm™ could be allocated to the P — O

stretching and moderate peak at 872 cm™ is in concur to P — O(H) stretching (Xu

et al., 1999).
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Figure 4.29: Raman reference spectra of brushite, CA, PAA, CHX, MCPM and B -

TCP.
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4.2.2 Final composition mapping and spectra

The composition mappings and average Raman spectra where obtained from
the bulk of fractured dry samples which were left to set for 24 hours at room

temperature.

4.2.2.1 Polyacrylic acid effect on cement compaosition

Figure 4.30a and Figure 4.31a demonstrate the compositional mapping of the
set cements with 6% (w/w) (CO P6) and 12% (w/w) (CO P12) polyacrylic acid
respectively. The fracture surfaces of both set cements could be assigned to

pure brushite (blue) and non — reacted 3 - TCP particles (green).

The average spectra in Figure 4.30b and 4.31b had strong peaks which are
consistent with brushite formation. Weak peaks due to non — reacted f — TCP
could also be observed. The broad peak around 890 cm™ region in both spectra
could be assigned to P — O(H) stretching. The polymer spectrum however, was
too weak for detection.

4.2.2.2 Chlorhexidine effect on cement compaosition

Figure 4.32a and Figure4.33a show the fracture surface mapping of C6 PO and
C11 PO. In both compositional mappings obtained, there were regions that could
be assigned to brushite (blue) or pure chlorhexidine (red) and mixtures of the
two components (mauve). Chlorhexidine distribution was evenly dispersed
throughout both compositions. The composition with higher concentrations of
chlorhexidine exhibited more pronounced and intense red areas throughout the

cement fracture surface compared to C6 PO.
The average spectra C6 PO and C11 PO are shown in Figure 4.32b and Figure

4.33b respectively. The average spectra were consistent to reference spectra of

chlorhexidine and brushite cement.

97



4.2.2.3 Combination effect of polyacrylic acid and chlorhexidine on cement

composition

The mapping of the fracture surface of cements containing both polyacrylic acid
and chlorhexidine are exhibited in Figure 4.34a, 4.35a, 4.36a and 4.37a. These
mappings show discrete regions of chlorhexidine separate from dicalcium
phosphate brushite and chlorhexidine regions. In addition, there was a low level
of non - reacted B - TCP particles detected within the samples.

The average spectra for all compositions (Figure 4.34b, 4.35b, 4.36b and 4.37b)
were dominated by a strong peak around 980 cm™ regions indicative of brushite
formation. Peaks due to non — reacted 3 - TCP could also be observed in all set
cements except in C11 P12. Moreover, strong chlorhexidine peaks could be
detected in all compositions.
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Figure 4.30: (a) Compositional mapping (50 um x 50 um) of fracture surface of
cement with low PAA (CO P6) determined via Raman. Blue area represent brushite,
green area refers to non — reacted B - TCP (b) average spectra of the

corresponding area.
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Figure 4.31: (a) Compositional mapping (50 pm x 50 pm) of fracture surface of
cement with high PAA (CO P12) determined via Raman. Blue area represent
brushite, green area refers to non — reacted B - TCP (b) average spectra of the

corresponding area
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Figure 4.32: (a) Compositional mapping (50 pm x 50 pum) of fracture surface of
cement with low CHX (C6 PO) determined via Raman. Blue areas represent
brushite, red regions refer to CHX and mauve areas indicate mixture of CHX and

brushite (b) average spectra of the corresponding area.
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Figure 4.33: (a) Compositional mapping (50 pum x 50 um) of fracture surface of
cement with high CHX (C11 PO) determined via Raman. Blue areas represent
brushite, red regions refer to CHX and mauve areas indicate mixture of CHX and

brushite (b) average spectra of the corresponding area.
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Figure 4.34: (a) Compositional mapping (50 um x 50 um) of fracture surface of
cement with low CHX and low PAA (C6 P6) determined via Raman. Blue areas
represent brushite, red regions refer to CHX, green areas demonstrated non —
reacted B — TCP particles and mauve areas indicate mixture of CHX and brushite

(b) average spectra of the corresponding area.

0.8 - 987

Intensity

800 13I00
€Y B (b) Raman shift (cm-1)

2um

Figure 4.35: (a) Compositional mapping (50 um x 50 um) of fracture surface of
cement with low CHX and high PAA (C6 P12) determined via Raman. Blue areas
represent brushite, red regions refer to CHX, green areas demonstrated non —
reacted B — TCP particles and mauve areas indicate mixture of CHX and brushite

(b) average spectra of the corresponding area.
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Figure 4.36: (a) Compositional mapping (50 pm x 50 um) of fracture surface of
cement with high CHX and low PAA (C11 P6) determined via Raman. Blue areas
represent brushite, red regions refer to CHX, green areas demonstrated non —
reacted B — TCP particles and mauve areas indicate mixture of CHX and brushite

(b) average spectra of the corresponding area.
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Figure 4.37: (a) Compositional mapping (50 um x 50 um) of fracture surface of
cement with high CHX and high PAA (C11l P12) determined via Raman. Blue
areas represent brushite, red regions refer to CHX, green areas demonstrated
non — reacted 3 — TCP particles and mauve areas indicate mixture of CHX and

brushite (b) average spectra of the corresponding area
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4.3 Microstructure study of the set cement

The fracture surface microstructure of the cements was observed under
scanning electron microscope (SEM) at different magnifications (x500, x1000,
x1500, x2000, and x5000).

4.3.1 Microstructure of brushite

Figure 4.38a and 4.38b shows the morphology of the fractured surface of
brushite cement (CO P0O) at x500 and x5000 magnifications respectively. At low
magnifications, the surface appeared non — homogeneous with areas of
porosity. At higher magnifications, brushite crystals composed of needle — like
crystals and continuous thin platelets with large voids were observed.

4.3.2 Polyacrylic acid effects on cement microstructure

Generally, the crystalline structure could be consistently observed in
compositions without polyacrylic acid. These crystalline structures however,
became less apparent when polyacrylic acid was incorporated into the
composition. In compositions with zero chlorhexidine (CO P6 and CO P12), the
surface looked more homogenous and relatively less porous compared to
brushite cement. There were also strands of polymer that could not be observed
in any other compositions (see Figure 4.39 and Figure 4.40). Although at low
magnification, the surfaces of these compositions did not differ, at higher
magnification the crystals size, arrangement and thickness were not similar. In
contrast to CO P6, CO P12 crystals were uniform in size, loosely arranged, thin

and not inter-connected as CO P6.

4.3.3Chlorhexidine effects on cement microstructure

At low magnifications (x500), the structure of brushite cements with low and high
chlorhexidine concentrations (C6 PO and C11 PO) were not readily
distinguishable. At higher magnifications (x5000) however the images indicate

different crystal configurations when chlorhexidine was added to the
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compositions. C6 PO and C11 PO (see Figure 4.41b and Figure 4.42b) exhibited
larger size crystals and less connected structures; a mixture of rod and sheath—

like arrangement compared to the brushite appearance.

4.3.4 Combination effect of polyacrylic acid and chlorhexidine on cement

microstructure

The fracture surfaces of cements with chlorhexidine and polyacrylic acid in all
scales exhibited more uniform, homogenous and dense appearance compared
to brushite cements. Furthermore, it was noted that the degrees of porosity of
these cements was relatively low and porosities were small (see Figure 4.43a,
Figure 4.44a, Figure 4.45a and Figure 4.46a). Distinctive morphological features
could be observed when these cements were examined at a higher

magnification.

At high magnifications (x5000), the fracture surface of cements with low
chlorhexidine and low polyacrylic acid (C6 P6) exhibited thick and
interconnected structures that varied in size (see Figure 4.43b). In comparison
to this, C11 P6 had a loosely arranged architecture and not as connected as C6
P6. The crystals had flat leaf - like appearance (see Figure 4.45b). When
polyacrylic acid concentration increased to 12% (w/w), the SEM images
exhibited a much more uniform, layered sheath — like arrangement with a lack of
crystalline structures (see Figure 4.44b and Figure 4.46b) regardless of the

concentration of chlorhexidine.
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Figure 4.38: SEM images of fracture surface brushite cement (CO P0) at a) x500
and b) x5000 magnification
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Figure 4.39: SEM images of fracture surface cement with low PAA (CO P6) at
a) x1000 and b) x5000 magnification.
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Figure 4.40: SEM images of fracture surface of cement without CHX and high
PAA (CO P12) at a) x1000 and b) x5000 magnification.
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Figure 4.41: SEM images of fracture surface cement with low CHX (C6 PO) at
a) x500 and b) x5000 magnification.
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Figure 4.42: SEM images of fracture surface cement with high CHX (C11 P0)
at a) x500and b) x5000 magnification.

109



10pm

Figure 4.43: SEM images of fracture surface cement with low CHX and low
PAA (C6 P6) at a) x500 and b) x5000 magnification.
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Figure 4.44: SEM images of fracture surface cement with low CHX and high
PAA (C6 P12) at a) x500 b) x5000 magnification.
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Figure 4.45: SEM images of fracture surface cement with high CHX and low

PAA (C11 P6) at a) x500 and b) x5000 magnification.

112



10pm

Figure 4.46: SEM images of fracture surface cement with high CHX and high
PAA (C11 P12) at a) x500 and b) x5000 magnification.
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5.0 RESULTS Il - MECHANICAL PROPERTIES STUDIES
5.1 Hardness

5.1.1 Effect of time

The hardness of cement surfaces was determined at 1 and 24 hours after
mixing. The mean and 95% confidence intervals are presented in Table 5.1.
These show that at 1 hour, hardness values ranged from 12.8 + 2.2 t0 25.2 + 2.0
GPa. After 24 hours there was a significant increase in all hardness values.
These ranged from 28.2 + 4.7 to 73.1 + 3.2 GPa.

Table 5.1: Surface hardness (GPa) of each composition at 1 at 24 hours after
mixing.

Cement Code At 1 hour At 24 hours

GPa (95% ClI) GPa (95% CI)
CO PO 20.2 (2.5) 33.1(3.2)
C6 PO 22.2 (2.9) 64.1 (4.1)
C11 PO 25.2 (2.0) 45.6 (1.8)
CO P6 17.4 (2.5) 28.2 (4.7)
C6 P6 17.2 (2.3) 73.1(3.2)
C11P6 12.8 (2.2) 69.3 (3.0)
CO P12 23.1 (3.5) 44.9 (3.8)
C6 P12 24.7 (3.9) 37.2(2.3)
C11 P12 24.1 (3.0) 30.6 (3.2)
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5.1.2 Results at 1 hour

5.1 shows that at 1 hour after mixing, the characteristic of surface hardness was
not significantly influenced by the chlorhexidine concentration. Also at zero and
low chlorhexidine concentration, varying the polyacrylic acid concentration did
not significantly affect the cement hardness. C11 P6 however, had significantly
lower hardness compared with C11 PO and C11 P12.

5.1.3 Results at 24 hours

shows hardness of each of the cement composition at 24 hours after mixing. As
can be seen, there was a significant increase of cement hardness for
compositions with no polyacrylic acid (P0O) as the chlorhexidine concentration
was raised to 6% (w/w). Beyond 6% (w/w) chlorhexidine however, the hardness

declined.

Cement hardness for C6 P6 and C11 P6 were significantly higher compared to
CO P6. The hardness for compositions with high polyacrylic acid declined

steadily as the chlorhexidine concentration increased.
With no chlorhexidine cements with high and low polyacrylic acid had the

highest and lowest hardness respectively. With low chlorhexidine the opposite

was observed.
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Figure 5.1: Hardness of brushite cements as a function of concentration of CHX
and PAA at 1 hour after mixing. . Errors bars represent 95% confidence interval.
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Figure 1: Surface hardness of brushite cements as a function of concentration of
CHX and PAA at 24 hours after mixing. Errors bars represent 95% confidence
interval.
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5.2 Biaxial flexural strength

The mean and 95% confidence intervals of biaxial flexural strength are
presented in Table 5.2. These showed that CO P6 had the highest flexural
strength (11.1 + 1.2 MPa) and C11 PO had the lowest strength (5.8 £ 1.3 MPa).

With zero or low polyacrylic acid there was a slight reduction in strength with

addition of chlorhexidine into the composition. With high polyacrylic acid the

opposite trend was observed (see Figure 5.3).

Table 5.2: Biaxial flexural strength (MPa) and Modulus (GPa) of each composition.

Cement Code Biaxial flexural strength  Biaxial flexural Modulus
MPa (95% CI) GPa (95% CI)
CO PO 7.9 (0.8) 1.1 (0.4)
C6 PO 7.2 (1.4) 0.6 (0.2)
C11 PO 5.8 (1.3) 0.5(0.1)
CO P6 11.1 (1.2) 1.5 (0.1)
C6 P6 10.8 (1.7) 1.1(0.3)
C11 P6 9.6 (1.0) 0.7 (0.1)
COo P12 8.7 (0.9) 1.4 (0.3)
C6 P12 9.5 (1.4) 1.0 (0.1)
C11 P12 9.3(0.2) 0.8 (0.2)
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The incorporation of 6% (w/w) polyacrylic acid into the composition resulted in
an increase of flexural strength regardless of chlorhexidine concentration. With
further polyacrylic acid addition, flexural strength declined - particularly when the
chlorhexidine concentration was low. These results suggest an upper optimal
limit for polyacrylic acid concentration. When chlorhexidine concentration is high
this limit may be raised.

5.3 Biaxial flexural Modulus

Biaxial flexural modulus is a measurement of the stiffness of an elastic material
and was determined from the maximum gradient in stress — strain curves
obtained during flexural strength testing. The data in Table 5.2 showed that CO
P6 had the highest modulus of 1.5 + 0.1 GPa and C11 PO exhibited the lowest
(0.5+0.1 GPa).

The effect of chlorhexidine and polyacrylic acid on modulus is shown in 5.4,
There was a systematic linear reduction of modulus of all cements when
chlorhexidine concentration was increased. At 6% (w/w) chlorhexidine, when
polyacrylic acid incorporated there were significant increase in modulus, but

there were no significant difference between 6% (w/w) and 12% (w/w).
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6.0 RESULTS Il — DEGRADATION, pH SOLUTION AND DRUG
RELEASE STUDIES

6.1 Degradation study

6.1.1 Mass change

shows the percentage of mass change versus time for all cement compositions.
There was an initial increase in mass during the first 24 hours up to 7% (with an
average of 4%) for all samples due to water filling the pores in the cement
structure. The plotted graph shows no significant change between cement
compositions until 336 hours (2 weeks). The average mass change however,
was significantly different between compositions with and with no chlorhexidine;
12% and 0.2% respectively at the end of study period.

6.1.2 Degradation rate

To estimate degradation rate a linear trend line was fitted for each composition
with early time points excluded due to mass gain. The gradient of the trend line
gives an indication of cement degradation rate. 6.2 shows percentage mass loss
per day after 24 hours. This indicated a daily degradation rate range from 0.1 +
0.03 wt% to 0.6 = 0.15 wt%. With zero chlorhexidine, the cement degradation
was minimal. However, when chlorhexidine was incorporated into the
compositions the rate of degradation was significantly increased. There was no
significant difference between low and high chlorhexidine concentrations on
cement degradation. Polyacrylic acid did not appear to significantly affect the

rate of degradation.

6.1.3 Water sorption

The intercept obtained from the linear trend line of mass change against time
gives an estimate of water sorption. 6.3 shows the percentage of maximum
mass increase obtained by each composition. These ranged from 2.2 + 0.6
wt% to 7.8 £ 1.4 wt%. With low PAA, raising chlorhexidine concentration

resulted in an increased early mass gain. However there was an upper optimal
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limit of 6% (w/w) of chlorhexidine after which the percentage significantly

dropped. At any given chlorhexidine concentration, varying the polyacrylic acid

concentration did not significantly affect water sorption.
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Figure 6.1: Mass change vs log,, of time for all cement compositions. None
overlapping errors bars indicates significantly different results (p < 0.05).
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6.2 pH solution Study

Figure 6.4 shows the changes in the pH levels of the distilled water with time in
the presence of each composition. Generally, the pH levels were slightly acidic.
The pH values ranged from 5.8 to 7.2.
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Figure 6.4: pH level of each composition solution at different time points. Time in
log,o scale.
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6.3 Chlorhexidine release profile

6.3.1 Calibration Curve of Chlorhexidine

Chlorhexidine diacetate has a peak absorbance at 230 and 255 nm. The

calibration curves were generated by plotting the absorbance at 230 and 255 nm

against the concentration of CHX in aqueous solutions.

Table 6.1: The absorbance of various concentrations of CHX at 230 and 255 nm

Concentration of CHX Absorption at 230 nm | Absorption at 255 nm
(ppm)
1.03 0.035 0.036
5.15 0.232 0.227
10.3 0.450 0.444
20.6 0.980 0.962
1.2 4
1 - y =0.05x - 0.02
R2=1.00
1 y = 0.05x - 0.02
y 08 R2=1.00
c
©
2 0.6 -
o
(2]
Q0
< 0.4 - m230 nm
€255 nm
0.2 -
0 T T T T T 1
0 5 10 15 20 25

Concentration of CHX (ppm)

Figure 6.5: Calibration curve of CHX at 230 and 255 nm.

From the calibration curves of CHX, the following equations are developed:-

At 235 nm: y = 0.0467x; R? = 0.997
At 255 nm: y = 0.0459x; R? = 0.997
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R? is the Pearson product moment correlation coefficient and represents the
level of deviation of data points from the straight line. As in the above cases, it is

very close to one i.e. a straight line describes the results very well.

With the establishment of these equations, the concentration of chlorhexidine in

the storage solution can be deduced (see Appendix 1).

6.3.2 Calculation of Chlorhexidine release

The sample storage solutions at different time points were diluted in order to
obtain absorbance at 255 nm always below 1 before the UV analysis. The
cumulative percentages in CHX release from the cements were obtained. The
calculation procedure for average percentage release in the samples at 1h time

point at 255 nm is shown in Appendix (see Al).

The corrected Absorbance (A;) was calculated using Absorbance (A) multiplied
by dilution factor (DF). For C6 PO, the dilution factor was 10 (1 part sample
solution : 9 part distilled water). The percentage of chlorhexidine released was
then calculated by summing the cumulative mass of chlorhexidine (mg) at each

time point and dividing by the total mass in the sample.

6.6 shows the cumulative percentage of chlorhexidine release with respect to
time. Control formulations containing 800 mM citric acid and no polyacrylic acid
exhibit about 30 — 50% chlorhexidine release over 24 hours. By 4 weeks more
than 90% of the drug was released from the controls. This is expected with a
diffusion controlled process through a porous cement. With cements containing
polyacrylic acid, the drug release was substantially affected with less than 20%
of the chlorhexidine being released over the same periods of time. At 4 weeks,
the drug release from samples with polyacrylic acid was levelling off. This
indicates incorporation of polyacrylic acids in the formulation has successfully

slowed the drug release.
The sample with 12% (w/w) of polyacrylic acid and 11% (w/w) of chlorhexidine

exhibited the highest drug release (slightly more than 20%) compared to other

cements containing polyacrylic acid.
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7.0 DISCUSSION

Brushite cements or dicalcium phosphate dihydrate are of clinical interest
because of their biodegradability under physiological conditions compared to
precipitated hydroxyapatite. In addition, this cement is composed of resorbable
calcium phosphate compounds which are suitable for hard tissue regeneration.
Unlike ceramic- based materials, brushite cement is mouldable therefore can be
easily placed and packed into bone defects or a cavity without prior shaping. In
dentistry, such materials could serve as remineralising dental cements and

resorbable bone substitutes in alveolar bone preservation and augmentation.

Currently, limiting factors for their extensive clinical applications are mainly short
setting times, low mechanical strength, rapid drug release and difficult to control
degradation. This study was carried out to quantify the effects of partially
substituting citric acid for polyacrylic acid and varying chlorhexidine levels on
setting time and setting reaction, final composition, microstructure, mechanical
properties, degradation and release kinetics of chlorhexidine from brushite

cement.

7.1 Setting Kinetics, Final Composition and Microstructure

7.1.1 Setting Kinetics

Brushite cement is precipitated through acid - base reactions between several
calcium orthophosphate combinations. This reaction occurs in the presence of
an aqueous phase. Brushite however will only precipitate at a low pH,
(approximately 4.2) otherwise the end product of this chemical reaction is
hydroxyapatite cement (Mirtchi et al., 1989b). In MCPM and B-TCP system,
upon mixing the powder phase with aqueous phase, the initial setting reaction is
characterised by dissolution of MCPM, loss of hydrogen ions and precipitation of
brushite crystals. This event results in a rapid and pronounced decrease in pH
which is subsequently followed by dissolution of B—TCP and uptake of hydrogen

ions to precipitate more brushite crystal (Mirtchi et al., 1989b).

The setting reaction of the conventional brushite cement is very rapid;

approximately 30 seconds (Mirtchi et al., 1991; Mirtchi et al., 1989a) which gives
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limited time for manipulation and placement of the cement in clinical
environment. This setting time however, can be readily controlled by
manipulating powder to liquid ratios (Mirtchi et al., 1989a) and/or using a setting
retardant such as citric acid (Barralet et al., 2004), glycolic acid (Marino et al.,
2007) or tartaric acid (Alkhraisat et al., 2008).

In this study the powder to liquid ratio (PLR) was kept to 3 g ml* for all
compositions. Although this high PLR could accelerate the setting reaction by
favouring a faster crystal precipitation, incorporation of citric acid can counteract
this effect to prolong the setting time. Citric acid acts by decreasing the initial
cement viscosity such that the cement mix was is a freely flowing liquid (Barralet
et al., 2004), thus allowing a workable cement paste to be formed. It has also
been suggested in the MCPM and B-TCP systems that the citric acid can
interact with B—TCP patrticles thus limiting their dissolution to precipitate to
brushite crystals (Alkhraisat et al., 2008). Therefore citric acid has the capability

to chelate the calcium ions and cause delays in precipitation of brushite crystals.

FTIR studies previously (Hofmann et al., 2006) have demonstrated the formation
of an intermediate complex due to interaction between citrate ions (negatively
charged) and calcium ions (positively charged). This intermediate complex is
known as dicalcium citrate complex. It is relatively short lived and later will
dissolve to allow precipitation of brushite crystal formation. Dicalcium citrate
complex is however difficult to detect unless the citric acid concentration is high
(>1000 mM).

In contrast to an earlier study by Hoffmann et al. (2006), in the current study,
although only 800 mM citric acid was used, the FTIR analysis could readily
detect the intermediate complex in composition with no polyacrylic acid (CO PO,
C6 PO and C11 PO0) at an early time (see Figure 4.16, Figure 4.19 and Figure
4.22). This is possibly attributed to the lower PLR used in this study (3 g ml™). In
this study, the dicalcium citrate complex had peaks at 1532 and 1420 cm™ which
are consistent with the formation of CO,” symmetric and asymmetric stretching
peaks (Hofmann et al., 2006). The appearance of these peaks at the same time
as other sharp peaks at 1110, 1050 and 1010 cm™, but none initially at 980,
1640 or 3300 cm™, suggests formation of this intermediate complex. At a later
time point however, the 980 cm™ peak achieved its maximum value with a

subsequent trough centred at 908 cm™ which indicates dissolution of the
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intermediate complex to precipitate brushite crystals. In addition, O — H peaks
can be observed which indicate water was bound into the composition. An
identical final FTIR absorbance and difference spectrum irrespective of time
suggests that any reactive intermediates are quickly converted to the final
products. The peaks are consistent in both position and relative intensity with
that of pure brushite cement (Hofmann et al., 2006; Xu et al., 1999). Therefore,
citric acid delayed the setting time but did not prevent the formation of brushite

cement.

The setting time was significantly prolonged when polyacrylic acid was
incorporated as a partial replacement of the aqueous phase. The setting time
was delayed for up to 12 hours. This is possibly attributed to the ability of
polyacrylic acid to interact with calcium ions thus affect the primary nucleation
and interfering with the precipitation of brushite cement (Ginebra et al., 2006).
Therefore it can be postulated that polyacrylic acid has the same mechanism as
citric acid in regulating the setting time. This study suggests that the effect of

polyacrylic acid on setting time is much more potent compared to citric acid.

Partial substitution of citric acid with polyacrylic acid not only delays the setting
time but also affects later time reaction kinetics. FTIR analysis showed that
dicalcium - polyacrylate complex is stable and does not dissolve over time unlike
dicalcium citrate complex. The stability of such a complex is probably attributed
to both the larger molecular size of polyacrylic acid and the larger number of
possible ionic interactions with a single polyacrylic acid molecule compared to a
citric acid molecule. In addition, the final spectra of CO P6 and CO P12 did not
demonstrate O — H and 980 cm™ peaks, thus suggesting the spectrum of the
complex is more similar to that of monetite than brushite. The monetite — like
spectra however could not be observed in compositions with high chlorhexidine
and low polyacrylic acid (C11 P6) (see Figure 4.23). This is most likely attributed
to the higher availability of chlorhexidine to interact with both polyacrylic acid
and citric acid, thus allowing precipitation of the brushite crystal. Brushite
formation was marked by formation of strong 980 cm™ and sharpened O — H

peaks in the final spectra.

When chlorhexidine was incorporated into the compositions (C6 PO and C11
P0), the setting rates of these cements in this study were comparable with those

observed previously (Sapir and Shapira, 2008). The final spectra of both
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compositions were comparable to brushite reference spectra. Therefore,
chlorhexidine does not interfere with the chemical reaction to form the brushite

crystals.

Chlorhexidine concentrations greater than 6% (w/w) in previous work (Young et
al., 2008) and 11% (w/w) in this new study, appeared to reduce the inhibition
period of citric acid. This is most likely due to positive chlorhexidine ions
interacting with negative citrate ions. Therefore, such interaction resulted in less
availability of citric acid to inhibit the brushite precipitation.

When both chlorhexidine and polyacrylic acid were incorporated into the
composition, the reaction kinetics varied depending on the concentration of both
reactants. With low chlorhexidine, the formation of both dicalcium phosphate
and dicalcium polyacrylate could be observed. When chlorhexidine
concentration is low, both citric and polyacrylic acid will compete to form
complexes with the dicalcium phosphate. Citric acid, however, is likely to attach
more quickly due to its smaller size and faster diffusion. These dicalcium
complexes could not be observed in C11 P6. This is possibly attributed to higher
availability of chlorhexidine to interact with both polyacrylic acid and citric acid,

thus allowing brushite cement to precipitate in C11 P6.

A high intensity of chlorhexidine peaks could be observed in C11 P12 which
could not be observed in other compositions. This finding suggests that the
chlorhexidine salt is precipitated on the cement surface and thus comes in
contact with the flat ATR - FTIR diamond.

In this current study, difference spectra indicating absorbance changes were
very significant at 1052 and 1340 cm™. The 1052 cm™ peak indicates formation
of dicalcium phosphate while 1340 cm™ demonstrates the formation of dicalcium
polyacrylate. Therefore these peaks were further investigated for reaction
extent. Reaction extent refers to how far the setting reaction has gone towards
completion, with a value of 1.0 indicating the setting process has completed.
Reaction extent analysis demonstrated that partial substitution of citric acid with
a polyacrylic acid solution did not significantly alter the early delay time period
(see Figure 4.25, Figure 4.26 and Figure 4.27). It did, however, substantially

slow the reaction at later times.
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The reaction rate of dicalcium phosphate is accelerated by incorporation of
chlorhexidine but significantly delayed when polyacrylic acid is incorporated into
the composition. The acceleration of reaction rate is proportional to
chlorhexidine concentration. This advantageous initial delay during the setting
process (which will allow time for cement manipulation and placement in the
clinical setting) could not be observed with C11 PO (see Figure 4.27). The
formation of dicalcium polyacrylate complex however is independent upon
chlorhexidine and polyacrylic acid concentrations.

7.1.2 Final chemistry of the cements

FTIR and Raman spectroscopy are complimentary techniques. Both are caused
by vibration of molecules. Raman mapping and spectra suggest that neither
addition of chlorhexidine nor polyacrylic acid prevents final formation of a
brushite — like structure. All compositions had a strong peak at 980 cm™
comparable with that observed for brushite (Xu et al., 1999). As this is slightly
different from a Raman monetite spectrum this anhydrous dicalcium phosphate
can be tentatively ruled out as a product. As brushite was not observed by FTIR
this suggests that a dicalcium phosphate - polyacrylate complex has a similar
Raman spectrum to brushite. The polyacrylate is likely occupying the

coordination sites generally occupied by water in the brushite crystal structure.

All compositions with polyacrylic acid exhibited low level of non — reacted
particles of B—TCP. Polyacrylic acid probably prevents dissolution of B—TCP and
its precipitation as dicalcium phosphate. Furthermore, polyacrylic acid resulted

in discrete regions of dicalcium phosphate and chlorhexidine within the cement.

7.1.3 Scanning electron microscope (SEM)

The fracture surface of brushite cement (CO P0) showed the characteristics of
small crystals (needle — like appearance) (see Figure 4.38). This is an expected
finding as citric acid is known to decrease the crystal growth rate of brushite,
thus resulting in much smaller, thinner and rounded crystals (Bohner et al.,
1996). Moreover, smaller crystal size previously resulted in reduced porosity of

the cement microstructure.
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In this study, SEM images of C6 PO and C11 PO exhibited larger crystal sizes
and less interconnected structure when compared to the control cement (see
Figure 4.41 and Figure 4.42). This is attributed to the absence of the inhibitory
effect of brushite cement precipitation from citric acid (Tamimi et al., 2008a). As
previously discussed, interaction between chlorhexidine and citric acid during
the setting process results in a rapid setting time. This subsequently results in
larger crystal size and a higher degree of cement porosity.

Strands of polymer could be observed in both compositions with no
chlorhexidine (CO P6 and CO P12). These strands however could not be
observed in any other compositions probably due to interactions between
chlorhexidine (positively charged) to carboxylic groups of polyacrylic acid
(negatively charged). Dissolution of chlorhexidine at an earlier time in
compositions with both polyacrylic acid and chlorhexidine might explain the

absence of the strands in these compositions.

Generally addition of polyacrylic acid into the compositions resulted in denser,
more homogenous and less porous structures compared to compositions
without. This is possibly due to polyacrylic acid causing a delay in the setting
reaction and affecting the crystal precipitation (Bohner et al.,, 1996).
Furthermore, polyacrylic acid is a polymer and is expected to fill the gaps
between the intercrystalline structures. At higher magnifications, a distinctive
crystalline structure could be observed especially in composition with the low
chlorhexidine concentration which can be attributed to the dicalcium polyacrylate

complexes (see Figure 4.43 and Figure 4.44).

C11 P6 exhibited leaf — like structures and flat crystals (see Figure 4.45) which
could not be observed in any other compositions with both chlorhexidine and
polyacrylic acid. In addition the crystal arrangement was less dense. FTIR study
demonstrated spectra consistent with brushite cement with this composition (see
Figure 4.14). Therefore, these crystals are most likely to be brushite crystals

rather than dicalcium polyacrylate complex.

When viewed under the microscope at both high and low magnifications,
porosities on the fracture surface could be seen for all formulations. Although
qualitative assessment from SEM images in this study demonstrated that

compositions with polyacrylic acid have less porosity, a definitive conclusion
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could not be made solely from this finding. Other quantitative method such as
mercury porosimetry (Grover et al., 2003; Matéjicek et al., 2006) or porosity
measurement with Archimedes principles (MatgjiCek et al., 2006) could be

carried out to accurately measure the porosity.

7.2 Mechanical properties of brushite cement

7.2.1 Hardness

The hardness test determines the material’s ability to resist plastic deformation
from a standard source. The hardness value is an empirical value. In this study,
the cement surface hardness was determined at 2 different time points. This
was carried to evaluate the effect of time on cement hardness. At 1 hour after
mixing, apart from C11 P6, the difference between cement hardness was not
significant. This could be explained by the setting kinetics at the early time. FTIR
study indicates that partial replacement of citric acid with polyacrylic acid did not
significantly alter the early delay time period thus allowing precipitation of
dicalcium phosphate cement. It is likely that precipitation of this complex at an

early time provides surface characteristic to this cement.

At 24 hours after mixing however, there was a significant difference between the
cement hardness. This is expected as the setting reaction has completed,
therefore there was an increase in cement hardness for all compositions. There
is an upper optimal limit of 6% (w/w) of chlorhexidine after which cement
hardness declines (see Figure 5.2). Varying the polyacrylic acid concentration

also appeared to affect the surface hardness.

The FTIR study for compositions without polyacrylic acid showed that although
the setting reaction was completed within 1 hour, there was a marked difference
between the 1 and 24 hours hardness values. This could be possibly explained
from the reaction rate of the composition at different temperatures. The FTIR
experiment was carried out at 37 °C, whereas the cement for the hardness test
was left to set at room temperature (~ 23 °C).The reaction rate is double for
every 10 °C increase in temperature. Therefore the setting reaction of the
composition at room temperature is much slower than the composition

undergoing FTIR experiment.
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7.2.2 Biaxial flexural strength and modulus

The biaxial flexural strength of the samples was obtained after 24 hours setting
and incubation of the samples in distilled water. This is to mimic and more
closely represent the clinical environment. It is well established that hydration of
the samples affects the mechanical properties of the cements (Charriere et al.,
2001; Pittet and Lemaitre, 2000), therefore dry strength alone may be

misleading with regards to clinical performance (Barralet et al., 2004).

The original cement formulation had poor mechanical properties and several
approaches have been previously explored to address this concern (Mirtchi et
al., 1989a; Mirtchi et al., 1989b). In the literature, strength data for brushite
cements are varied. Comparing reported strength values is complicated by
variations in testing methods and condition of the samples. Therefore, caution
must be exercised when comparing strength values reported in the literature
because of this. Strengths have been reported to range from 1 to 52 MPa for
compressive strength (Gbureck et al., 2005; Hofmann et al., 2009; Pittet and
Lemaitre, 2000) and from 0.7 to 4.5 MPa for diametral tensile strength (Bohner
et al., 1996).

Previous studies have concluded that the strength of brushite cements is
inversely correlated to its porosity (Hofmann et al., 2009); the higher the porosity
of the cement the lower its mechanical performance. The reduction of porosity
size of the set cement could be achieved by compaction of the setting cement
(Barralet et al., 2004), addition of a setting regulator e.g. citric acid (Bohner et
al., 1996), higher powder to liquid ratio and smaller particle size of the calcium

orthophosphate powder phase (Hofmann et al., 2009).

In this study, the increase of biaxial flexural strength and modulus up to 11.1 +
1.2 MPa and 1.5 + 0.1 GPa was achieved by incorporating polyacrylic acid into
the composition compared to control. This is attributed to complexation of the
polyacrylic acid with dicalcium phosphate crystal structures (Majekodunmi et al.,
2003) and pore filling by the polymer. This is demonstrated by the SEM findings
where compositions with polyacrylic acid exhibited more homogenous, denser
and relatively less porous structures when compared to those without. It is

therefore expected that denser aggregates will increase the ultimate strength of
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the cement (Mirtchi et al., 1989b). The biaxial flexural strength in the current
study however, is lower compared to strength of compacted, dry - TCP cement
(24 MPa) with similar test methods (Meganck et al., 2005).

The decrease in biaxial flexural strength and modulus of compositions with
chlorhexidine (C6 PO and C11 P0O) compared to controls is also attributed to the
degree of porosity. As described above, SEM studies showed that by increasing
chlorhexidine concentration, the cement structure becomes less interconnected
and the crystal structures become larger (see Figure 4.41 and Figure 4.42).
Moreover, accelerated setting time resulted in less time to pack the cement thus
producing a cement with a high degree of porosity. In addition, high drug release
upon 24 hours water immersion prior to strength testing will also increase

porosity and thereby reduce strength.

7.3 Degradation and Chlorhexidine Release

7.3.1 Degradation

In contrast to previous studies (Mirtchi et al., 1989b; Young et al., 2008) there
was an initial increase in mass for all cement compositions due to water
sorption. In this study samples were left for longer at room temperature and
atmospheric humidity before placement in water. This was to ensure that the
brushite setting reaction was complete. Therefore, this is likely to have enabled

greater dehydration of the cement.

After the early water sorption period, mass loss was independent of drug content
as expected from earlier work (Young et al., 2008). At a later time however, it
was noted that chlorhexidine incorporation significantly affected the dissolution
kinetics of the cement compared to compositions with no chlorhexidine (see
Figure 6.1). Polyacrylic acid complexation with brushite however does not affect

the dissolution kinetics of the cement.

In this study, the total weight loss at the end of study period suggests dissolution
of both chlorhexidine and brushite components from the cement composite.
Distilled water which is undersaturated with calcium and phosphate ions may

create gradient for dissolution of brushite components. In addition the dynamic
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protocol - replacement of aqueous medium with fresh distilled water at a

designated time point favours dissolution of the cement.

7.3.2 Chlorhexidine Release Kinetics

In order to assess and understand the chlorhexidine release profile in this study,
it is necessary to characterise the kinetics of the chlorhexidine release. There
are various factors involved in determining a drugs release kinetics from its
carrier. These factors include interaction and bonding between drugs and the
matrix which holds it, microstructure of the carrier and degradation of the matrix
(Ginebra et al.,, 2006). Although brushite is resorbable, the rate of matrix
degradation is much lower than the rate of drug release from the system. Hence,
in this study, it is justifiable to presume that the drug release is mainly regulated
by a diffusion — controlled processes rather than degradation of the cement
(Ginebra et al., 2006).

In the current study, chlorhexidine release from formulations without polyacrylic
acid (C6 PO and C11 PO) was comparable with previous work (Young et al.,
2008) and as expected for diffusion controlled drug release from a porous
cement (Bohner et al., 1997a; Bohner et al., 2000; Peppas, 1983). At the initial
stage, chlorhexidine release from brushite cement is in concordance with Fick’s

equation for diffusion from a thin disc of thickness;

M_,.8 1 -(2n+1)? 72Dt
_— - _— eX _—
M.~ n2 /  (2n+1)? P 412

n =0 (17)

Where t is the time after placement in water, D is the diffusion coefficient, M is
the cumulative mass of drug released at time t and M., is the mass of drug in the

sample, | known thickness of the disc.
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At early time, this equation is proportional to the square root of time because at

short time, when Dt is small, the equation can be reduced to;

M/M.. = 2/ Dt/ (18)

Fick’s law indicates that the fraction of drug released from the sample is
expected to be independent of its initial concentration in the brushite cement i.e.
no matter what weight percentage of drug is present in the sample, the same

percentage of that drug content is released with time.

During the first few hours of incubation, chlorhexidine would be easily released
into the surrounding medium. This is attributed to the effect of diffusion release
through the porous cement (square — root kinetic time) observed during the first
12 hours. During the initial burst nearly 50% of the chlorhexidine was released
over 24 hours. Subsequently over 90% of the loaded dose of chlorhexidine was
released in about 4 weeks in both C6 PO and C11 PO (see Figure 6.6). Diffusion
- controlled release gives faster drug release at early times. This may be
beneficial in establishing an effective drug level in the surrounding environment

if drug diffusion away from the device site is restricted or in acute infection.

7.3.2.1 Interaction and bond between drugs and the cement matrix

Polyacrylic acid, when incorporated into the composition, affected the release
profile substantially. Setting kinetic studies demonstrated that incorporation of
polyacrylic acid resulted in chemical interaction between brushite and
chlorhexidine. Therefore, chlorhexidine release from the drug carrier did not
follow a pure diffusion release compared to C6 PO and C11 PO. Chlorhexidine
release from compositions with polyacrylic acid is likely to be attributed to two
mechanisms: diffusion of free / unbound chlorhexidine through the porous
cement (according to diffusion - controlled Kkinetic) and dissociation of
chlorhexidine from the polyacrylate — chlorhexidine complex (zero order kinetic)
(Bohner et al., 2000). In this context, zero order kinetic refers to drug release

from the carrier that is independent of time or the amount of drug present.

These complex release mechanisms may be as a result of chlorhexidine

interaction with the cement matrix forming a chlorhexidine — polyacrylic complex
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(chemically bound) or entrapped within dicalcium polyacrylate complex
(physically bound). Loss of chlorhexidine absorbance in FTIR spectra at early
times in combination with the effects of chlorhexidine levels on cement setting
kinetics both provide evidence for the chemical interaction. Competition
between chlorhexidine and brushite for complexation with polyacrylic acid would
explain the complex dependence of chlorhexidine release upon both cement
composition and time (Bommareddy et al., 2006).

Although the chlorhexidine release from C11 P12 was significantly lower than in
controls (C6 PO and C11 P0O), compared to other compositions with polyacrylic
acid it released the most (see Figure 6.6). Based on data from the FTIR study, it
was likely that chlorhexidine salt were precipitating on the cement surface may
be an explanation to the higher drug release (see Figure 4.15).

7.3.2.2 Microstructure of the carrier

Previous studies have shown that drug release could also be controlled by
reducing the porosity (Bohner et al., 1997a; Hofmann et al., 2009; Tamimi et al.,
2008b). In this study, the SEM images demonstrated the relative reduction in
porosity and denser structure of compositions with polyacrylic acid. Therefore it
is very likely that the substantial reduction of the initial burst and overall
chlorhexidine release over the study period is attributed to low porosity system
compared to C6 PO and C11 PO. Furthermore, a low porosity cement system
decreases the volume of release media which can enter the matrix to allow

dissolution of the drug (Hofmann et al., 2009).

7.3.2.3 Degradation of the matrix

Around 80% of chlorhexidine load in the cements with polyacrylic acid was not
released during the release study; this fraction however is thought to be
released slowly over larger time periods or upon degradation of the cement
structure. It should be noted that brushite cements degrade more rapidly in vivo
(Constantz et al., 1998; Frayssinet et al., 1998; Grover et al., 2003) than in vitro
due to the action of cells and enzymes. Later time release of chlorhexidine is

therefore likely also to be faster in vivo as the surrounding brushite matrix is lost.
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8.0 CONCLUSION

This thesis is mainly focused on assessing the effect of varying the
concentration of polyacrylic acid and chlorhexidine on a brushite cement. The

following conclusions can be drawn from this study:

8.1 Setting Kinetics, Final Composition and Microstructure

8.1.1 Setting time and reaction kinetics

It has been demonstrated in this thesis that the setting reaction and final product
were affected by both chlorhexidine and polyacrylic acid concentrations. High
chlorhexidine concentration results in acceleration of the setting reaction.
Polyacrylic acid on the other hand results in delayed setting reaction. FTIR study
demonstrated complexation between polyacrylic acid and calcium ions and
formation of structures with similarities to dicalcium polyacrylate. There were
also some changes consistent with a brushite — type structure but with no water
— binding. In addition, compositions with high chlorhexidine also suggested

complexation between polyacrylic acid and chlorhexidine.

8.1.2 Final compaosition of the cement

Raman microscopy was used to analyse final composition of the cements.
Although the final FTIR spectra of cements containing polyacrylic acid were not
generally entirely consistent with brushite formation Raman spectra were. It is
probable therefore that the final complex formed has similarities in structure to
brushite but without water binding and calcium polyacrylate. Dicalcium
phosphate/polyacrylate complex formation is consistent with all spectroscopic

results.

143



8.1.3 Microstructure of the cement

The microstructure of the cement can be affected by incorporation of
chlorhexidine and polyacrylic acid. The crystals become larger and less
interconnected with chlorhexidine. Polyacrylic acid however results in a more

dense and homogenous architecture with relatively less porosity.

8.2 Mechanical Properties

8.2.1 Hardness study

The hardness of the cements surface increased significantly with time.

8.2.2 Mechanical properties of the cement

The mechanical properties are significantly increased with polyacrylic
incorporation. There is however an upper optimal limit of polyacrylic acid (6%

w/w) for biaxial flexural strength and modulus. Chlorhexidine results in strength

reduction and this is proportional to chlorhexidine concentration.

8.3 Degradation, pH and Drug Release

8.3.1 Degradation

Incorporation of chlorhexidine into the compositions resulted in more significant
degradation of cement compositions when compared to the control at a later

time point. On the other hand, polyacrylic acid does not affect degradation of the

cement.

8.3.2 pH solution study

Incorporation of both chlorhexidine and polyacrylic acid did not significantly
affect the pH values of the solutions obtained from degradation and drug release

studies.
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8.3.3 Chlorhexidine release study

Polyacrylic acid can be successfully used to regulate chlorhexidine release from

brushite cement.
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9.0 FUTURE RESEARCH

9.1 Determination of cement porosities

The cement porosity has a significant impact on the mechanical properties of the
cement. In addition, drug release from the composite cement has been shown to
be regulated better with a less porous cement (Hofmann et al., 2009). In this
study, we did not undertake a quantitative analysis of cement porosity. SEM
images will only provide a qualitative assessment of the cement microstructure
and shown relative reduction in porosity. Therefore further studies need to be
carried out to understand the impact of polyacrylic acid on the microstructure

and drug release regulation.

Either mercury porosimetry technique or Archimedean porosimetry experiment
could be used to determine the porosity of a material. Mercury porosimetry
involves measuring the volume of mercury that has intruded into the pores of the
specimen at a gradually increasing pressure. The data obtained from this
experiment could also give information on distribution of pore size (Grover et al.,
2003; Matéjicek et al., 2006). On the other hand, Archimedes porosimetry is
based on water being incorporated into the composition. The weight of the
specimen changes as the pores are filled with water. The weight gain is

proportional to the material porosity volume (Maté&ji¢ek et al., 2006).

9.2 Determination of the antibacterial activity of chlorhexidine releasing

polyacrylic acid- modified brushite cement

This study has shown that polyacrylic acid is capable of chlorhexidine release
over a period of time when compared to a control. In addition, FTIR study also
indicated an interaction between chlorhexidine and polyacrylic acid especially
with composition high chlorhexidine concentration. Therefore, it is important to
know whether the concentration of chlorhexidine released from modified
brushite cement achieves the acceptable minimum inhibitory concentration
required to exert an antibacterial activity. It is also important to understand
whether the interaction between chlorhexidine and polyacrylic acid has any

effect on the antibacterial activity of chlorhexidine incorporated in the cement.
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9.3 Investigation of modified brushite cement on adhesion to dentine and

bone

The carboxylic group in polyacrylic acid has the capability to chemically bond to
hydroxyapatite. Therefore it is interesting to know the whether the presence of
polyacrylic acid in the composition will improve the bonding capability of brushite
cement to bone and dentine. The potential chemical bonding between
polyacrylic acid modified brushite and the surrounding dentine will provide a
hermetic seal to eliminate microleakage and subsequent bacterial penetration to

the underlying pulp or periradicular area.

9.4 Comparison to mineral trioxide aggregate (MTA) as endodontic

medicament

The investigated cement in this study should be compared to MTA in term of
mechanical properties, biocompatibility and clinical performance as endodontic
medicament. Mechanical property comparison between different materials could
only be done if the method of testing and geometry of testing sample are
standardised (Morell, 1998). Therefore further study should be carried in order
to assess the mechanical property of both materials with MTA is considered as

gold standard.

Although MTA has been successfully used as pulp capping material and as
artificial apical barrier, the discolouration associated with MTA may limits its
application. Therefore the investigated antibacterial releasing, modified brushite
cement may have the potential to substitute MTA. Further research involving
animal model (in vivo studies) looking at pulpal and periradicular tissues
response to the cement should be design to provide enough data for material

development.
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9.5 in vivo assessment of brushite cement as socket preservation/alveolar

bone regeneration

Extraction socket and alveolar bone preservation in children is important to
ensure sufficient bone is available for future dental implant placement. Following
tooth loss, this antibacterial releasing, polyacrylic acid brushite cement has a
great potential to be used as possible bone substitute and therefore its

application should be examined in vivo.

Previous animal model studies (Boix et al., 2006; Fickl et al., 2008a), have
carried out to evaluate the effectiveness of bone substitute materials for alveolar
bone preservation. The same experimental methods could be implemented to
assess and compare cellular responses to brushite cement before clinical

human trials could be carried out.

9.6 Cement injectability

Setting brushite cement is mouldable and therefore can conform to the recipient
area for better adaptation. Development of injectable chlorhexidine - releasing
brushite cement for extraction socket preservation and as an obturation material
offers a quick and easy placement of this material. For young children
especially, such an approach will be an advantage in view of their limited co-

operation for lengthy and complicated clinical procedures.

Brushite cement injectability however, is limited due to potential powder liquid
separation during injection process. Modification of the cement is required to
improve the ability of the material to be extruded without separation.
Incorporation of polyacrylic acid in the aqueous phase may improve viscosity of
mixing liquid and subsequently the cement injectability (Barralet et al., 2004).
Therefore further study needs to be carried out to determine the injectability of

the compositions used in this study.

149



REFERENCES

150



REFERENCES

AAPD. 2011. Guideline on Management of acute dental trauma. Clinical
Guidelines. 33:221 - 228.

Abbott, P.V. 1998. Apexification With Calcium Hydroxide - When Should The
Dressing Be Changed? The Case For Regular Dressing Changes.
Australian Endodontic Journal. 24:27-32.

Addy, M. 1986. Chlorhexidine compared with other locally delivered
antimicrobials. Journal of Clinical Periodontology. 13:957-964.

Akao, M., H. Aoki, and K. Kato. 1981. Mechanical properties of sintered
hydroxyapatite for prosthetic applications. Journal of Materials Science.
16:809-812.

Akinmade, A.O., and J.W. Nicholson. 1995. Poisson's ratio of glass-
polyalkenoate (“glass-ionomer”) cements determined by an ultrasonic
pulse method. Journal of Materials Science: Materials in Medicine.
6:483-485.

Al-Majed, 1., J.J. Murray, and A. Maguire. 2001. Prevalence of dental trauma in
5-6- and 12-14-year-old boys in Riyadh, Saudi Arabia. Dental
Traumatology. 17:153-158.

Albadri, S., H. Zaitoun, and M. Kinirons. 1997. UK National Clinical Guidelines in
PAediatric Dentistry. Treatment of traumatically intruded permanent
incisor teeth in children. International Journal of Paediatric Dentistry. 7:1-
4,

Alkhraisat, M.H., F.T. Marifio, J.R. Retama, L.B. Jerez, and E. Lépez-Cabarcos.
2008. Beta-tricalcium phosphate release from brushite cement surface.
Journal of Biomedical Materials Research Part A. 84A:710-717.

Alonge, O.K., S. Narendran, and D.D. Williamson. 2001. Prevalence of fractured
incisal teeth among children in Harris County, Texas. Dental
Traumatology. 17:214-217.

Altay, N., and H.C. Giing6r. 2001. A retrospective study of dento-alveolar
injuries of children in Ankara, Turkey. Dental Traumatology. 17:197-200.

Andelin, W.E., S. Shabahang, K. Wright, and M. Torabinejad. 2003.
Identification of Hard Tissue After Experimental Pulp Capping Using
Dentin Sialoprotein (DSP) as a Marker. Journal of endodontics. 29:646-
650.

Andersson, L., J.0O. Andreasen, P. Day, G. Heithersay, M. Trope, A.J. DiAngelis,
D.J. Kenny, A. Sigurdsson, C. Bourguignon, M.T. Flores, M.L. Hicks,
A.R. Lenzi, B. Malmgren, A.J. Moule, and M. Tsukiboshi. 2012.
International Association of Dental Traumatology guidelines for the
management of traumatic dental injuries: 2. Avulsion of permanent teeth.
Dental Traumatology. 28:88-96.

Andreasen, J., and F. Andreasen. 2007. Avulsions. In Textbook and color atlas
of traumatic injuries to the teeth. Wiley-Blackwell, Oxford, UK. 444 - 488.

Andreasen, J., F. Andreasen, and L. Andersson. 2007. Classification, etiology
and epidemiology of traumatic dental injuries. In Textbook and Color
Atlas of Traumatic Dental Injuries to the Teeth. Wiley-Blackwell, Oxford,
UK.

Andreasen, J.O. 1981. Periodontal healing after replantation and
autotransplantation of incisors in monkeys. International Journal of Oral
Surgery. 10:54-61.

Andreasen, J.O., B. Farik, and E.C. Munksgaard. 2002. Long-term calcium
hydroxide as a root canal dressing may increase risk of root fracture.
Dental Traumatology. 18:134-137.

151



Andreasen, J.O., and L. Kristerson. 1981. The Effect of Limited Drying or
Removal of the Periodontal Ligament. Acta Odontologica Scandinavica.
39:1-13.

Andreasen, J.Q., and J.J. Ravn. 1972. Epidemiology of traumatic dental injuries
to primary and permanent teeth in a Danish population sample.
International Journal of Oral Surgery. 1:235-239.

Apelt, D., F. Theiss, A.O. EI-Warrak, K. Zlinszky, R. Bettschart-Wolfisberger, M.
Bohner, S. Matter, J.A. Auer, and B. von Rechenberg. 2004. In vivo
behavior of three different injectable hydraulic calcium phosphate
cements. Biomaterials. 25:1439-1451.

Araujo, M.G., and J. Lindhe. 2009. Ridge preservation with the use of Bio-Oss®
collagen: A 6-month study in the dog. Clinical Oral Implants Research.
20:433-440.

Artzi, Z., H. Tal, and D. Dayan. 2000. Porous Bovine Bone Mineral in Healing of
Human Extraction Sockets. Part 1: Histomorphometric Evaluations at 9
Months. Journal of Periodontology. 71:1015-1023.

Asgary, S., M. Parirokh, M.J. Eghbal, and F. Brink. 2005. Chemical Differences
Between White and Gray Mineral Trioxide Aggregate. Journal of
endodontics. 31:101-103.

Atwood, D.A., and W.A. Coy. 1971. Clinical, cephalometric, and densitometric
study of reduction of residual ridges. The Journal of Prosthetic Dentistry.
26:280-295.

Barralet, J.E., L.M. Grover, and U. Gbureck. 2004. lonic modification of calcium
phosphate cement viscosity. Part Il: hypodermic injection and strength
improvement of brushite cement. Biomaterials. 25:2197-2203.

Bastone, E.B., T.J. Freer, and J.R. McNamara. 2000. Epidemiology of dental
trauma: A review of the literature. Australian Dental Journal. 45:2-9.

Bath - Balogh, M., and J.M. Fehrenbach. 2011. lllustrated Dental Embryology,
Histology, And Anatomy. Elsevier Saunders, Missouri.

Becker, W., C. Clokie, L. Sennerby, M.R. Urist, and B.E. Becker. 1998.
Histologic findings after implantation and evaluation of different grafting
materials and titanium micro screws into extraction sockets: case
reports. J Periodontol. 69:414-21.

Becker, W., M.R. Urist, L.M. Tucker, B.E. Becker, and C. Ochsenbein. 1995.
Human demineralized freeze-dried bone: inadequate induced bone
formation in athymic mice. A preliminary report. Journal of
Periodontology. 66:822 - 828.

Belobrov, I., and P. Parashos. 2011. Treatment of Tooth Discoloration after the
Use of White Mineral Trioxide Aggregate. Journal of endodontics.
37:1017-1020.

Bogen, G., and S. Kuttler. 2009. Mineral Trioxide Aggregate Obturation: A
Review and Case Series. Journal of endodontics. 35:777-790.

Bohner, M. 2000. Calcium orthophosphates in medicine: from ceramics to
calcium phosphate cements. Injury. 31:D37 - D47.

Bohner, M., U. Gbureck, and J.E. Barralet. 2005. Technological issues for the
development of more efficient calcium phosphate bone cements: A
critical assessment. Biomaterials. 26:6423-6429.

Bohner, M., J. Lemaitre, P.V. Landuyt, P.-Y. Zambelli, H.P. Merkle, and B.
Gander. 1997a. Gentamicin-loaded hydraulic calcium phosphate bone
cement as antibiotic delivery system. Journal of Pharmaceutical
Sciences. 86:565-572.

Bohner, M., J. Lemalitre, H.P. Merkle, and B. Gander. 2000. Control of
gentamicin release from a calcium phosphate cement by admixed
poly(acrylic acid). Journal of Pharmaceutical Sciences. 89:1262-1270.

152



Bohner, M., J. Lemaitre, and T.A. Ring. 1996. Effects of Sulfate, Pyrophosphate,
and Citrate lons on the Physicochemical Properties of Cements Made of
B-Tricalcium Phosphate-Phosphoric Acid-Water Mixtures. Journal of the
American Ceramic Society. 79:1427-1434.

Bohner, M., P. Van Landuyt, H.P. Merkle, and J. Lemaitre. 1997b. Composition
effects on the pH of a hydraulic calcium phosphate cement. Journal of
Materials Science: Materials in Medicine. 8:675-681.

Boix, D., P. Weiss, O. Gauthier, J. Guicheux, J.M. Bouler, P. Pilet, G. Daculsi,
and G. Grimandi. 2006. Injectable bone substitute to preserve alveolar
ridge resorption after tooth extraction: A study in dog. Journal of
Materials Science: Materials in Medicine. 17:1145-1152.

Bommareddy, G.S., S. Paker-Leggs, K.K. Saripella, and S.H. Neau. 2006.
Extruded and spheronized beads containing CarbopolA® 974P to deliver
nonelectrolytes and salts of weakly basic drugs. International Journal of
Pharmaceutics. 321:62-71.

Borger, A., P. Supancic, and R. Danzer. 2002. The ball on three balls test for
strength testing of brittle discs: stress distribution in the disc. Journal of
the European Ceramic Society. 22:1425-1436.

Botticelli, D., T. Berglundh, and J. Lindhe. 2004. Hard-tissue alterations following
immediate implant placement in extraction sites. Journal of Clinical
Periodontology. 31:820-828.

Boutsioukis, C., G. Noula, and T. Lambrianidis. 2008. Ex Vivo Study of the
Efficiency of Two Techniques for the Removal of Mineral Trioxide
Aggregate Used as a Root Canal Filling Material. Journal of endodontics.
34:1239-1242.

Briner, W.W., E. Grossman, R.Y. Buckner, G.F. Rebitski, T.E. Sox, R.E. Setser,
and M.L. Ebert. 1986. Effect of chlorhexidine gluconate mouthrinse on
plague bacteria. Journal of Periodontal Research. 21:44-52.

Brown, C., and L. Chow. 1985. Dental restorative cement pastes. US Patent.
4,518,430,20.

Brown, W.E., and L.C. Chow. 1986. Effects of Neutral Salts in a Bench-scale
Caries Model. Journal of Dental Research. 65:1115-1120.

Camelo, M., M.L. Nevins, and R.K. Schenk. 1998. Clinical, radiolographic and
histologic evaluation of human periodontal defects treated with Bio-Oss®
and Bio-Gide. International Journal of Periodontics and Restorative
Dentistry. 18:321 -331.

Camilleri, J., F.E. Montesin, K. Brady, R. Sweeney, R.V. Curtis, and T.R.P. Ford.
2005. The constitution of mineral trioxide aggregate. Dental Materials.
21:297-3083.

Camilleri, J., F.E. Montesin, S. Papaioannou, F. McDonald, and T.R. Pitt Ford.
2004. Biocompatibility of two commercial forms of mineral trioxide
aggregate. International Endodontic Journal. 37:699-704.

Cardoso-Silva, C., E. Barberia, M. Maroto, and F. Garcia-Godoy. 2011. Clinical
study of Mineral Trioxide Aggregate in primary molars. Comparison
between Grey and White MTA - A long term follow-up (84 months).
Journal of Dentistry. 39:187-193.

Carmagnola, D., P. Adriaens, and T. Berglundh. 2003. Healing of human
extraction sockets filled with Bio-Oss®. Clinical Oral Implants Research.
14:137-143.

Chadwick, B.L., D.A. White, A.J. Morris, D. Evans, and N.B. Pitts. 2006. Non-
carious tooth conditions in children in the UK, 2003. Br Dent J. 200:379-
384.

Charriére, E., S. Terrazzoni, C. Pittet, P. Mordasini, M. Dutoit, J. Lemaitre, and
P. Zysset. 2001. Mechanical characterization of brushite and
hydroxyapatite cements. Biomaterials. 22:2937-2945.

153



Chen, W.-C., C.-P. Ju, J.-C. Wang, C.-C. Hung, and J.-H. Chern Lin. 2008.
Brittle and ductile adjustable cement derived from calcium phosphate
cement/polyacrylic acid composites. Dental Materials. 24:1616-1622.

Chosack, A., J. Sela, and P. Cleaton-Jones. 1997. A histological and
gquantitative histomorphometric study of apexification of nonvital
permanent incisors of vervet monkeys after repeated root filling with a
calcium hydroxide paste. Dental Traumatology. 13:211-217.

Chung, S.M., A.U.J. Yap, S.P. Chandra, and C.T. Lim. 2004. Flexural strength of
dental composite restoratives: Comparison of biaxial and three-point
bending test. Journal of Biomedical Materials Research Part B: Applied
Biomaterials. 71B:278-283.

Constantz, B.R., B.M. Barr, I.C. Ison, M.T. Fulmer, J. Baker, L. McKinney, S.B.
Goodman, S. Gunasekaren, D.C. Delaney, J. Ross, and R.D. Poser.
1998. Histological, chemical, and crystallographic analysis of four
calcium phosphate cements in different rabbit osseous sites. Journal of
Biomedical Materials Research. 43:451-461.

Cox, C., R. Subay, E. Ostro, S. Suzuki, and S. Suzuki. 1996. Tunnel defects in
dentin bridges: their formation following direct pulp capping. Operative
Dentistry. 21:4 - 11.

Cunha, R.F., D.M.C. Pugliesi, and A.E. De Mello Vieira. 2001. Oral trauma in
Brazilian patients aged 0-3 years. Dental Traumatology. 17:206-208.

Cvek, M. 1978. A clinical report on partial pulpotomy and capping with calcium
hydroxide in permanent incisors with complicated crown fracture. Journal
of endodontics. 4:232-237.

Cvek, M. 1992. Prognosis of luxated non-vital maxillary incisors treated with
calcium hydroxide and filled with gutta-percha. A retrospective clinical
study. Dental Traumatology. 8:45-55.

Davies, C., M. HArrison, and G.J. Roberts. 2008. Guideline for the use of
general anaesthesia in Paediatric Dentistry. UK National Clinical
Guidelines in Paediatric Dentistry (published by Royal College of
Surgeonsof England):1-11.

Day, P.F., S.A. Kindelan, J.R. Spencer, J.D. Kindelan, and M.S. Duggal. 2008.
Dental trauma: part 2. Managing poor prognosis anterior teeth &€"
treatment options for the subsequent space in a growing patient. Journal
of Orthodontics. 35:143-155.

DeRiso, A.J., J.S. Ladowski, T.A. Dillon, J.W. Justice, and A.C. Peterson. 1996.
Chlorhexidine Gluconate 0.12% Oral Rinse Reduces the Incidence of
Total Nosocomial Respiratory Infection and Nonprophylactic Systemic
Antibiotic Use in Patients Undergoing Heart Surgery. Chest. 109:1556-
1561.

DiAngelis, AJ., J.O0. Andreasen, K.A. Ebeleseder, D.J. Kenny, M. Trope, A.
Sigurdsson, L. Andersson, C. Bourguignon, M.T. Flores, M.L. Hicks, A.R.
Lenzi, B. Malmgren, A.J. Moule, Y. Pohl, and M. Tsukiboshi. 2012.
International Association of Dental Traumatology guidelines for the
management of traumatic dental injuries: 1. Fractures and luxations of
permanent teeth. Dental Traumatology. 28:2-12.

Dorozhkin, S. 2008. Calcium orthophosphate cements for biomedical
application. Journal of Materials Science. 43:3028-3057.

Dos Santos, L., R. Carrodeguas, A. Boschi, and A. Fonseca de Arruda. 2003.
Dual-setting calcium phosphate cement modified with ammonium
polyacrylate. Artificial Organs. 27:412 418.

Doyon, G.E., T. Dumsha, and J.A. von Fraunhofer. 2005. Fracture Resistance of
Human Root Dentin Exposed to Intracanal Calcium Hydroxide. Journal of
endodontics. 31:895-897.

154



Dylewski, J.J. 1971. Apical closure of nonvital teeth. Oral Surgery, Oral
Medicine, Oral Pathology. 32:82-89.

El-Meligy, O., and D. Avery. 2006. Comparison of apexification with mineral
trioxide aggregate and calcium hydroxide. Pediatric Dentistry. 28:248 -
253.

Emilson, C.G. 1977. Susceptibility of various microorganisms to chlorhexidine.
European Journal of Oral Sciences. 85:255-265.

Emilson, C.G. 1994. Potential Efficacy of Chlorhexidine against Mutans
Streptococci and Human Dental Caries. Journal of Dental Research.
73:682-691.

Faraco, I.M., and R. Holland. 2001. Response of the pulp of dogs to capping
with mineral trioxide aggregate or a calcium hydroxide cement. Dental
Traumatology. 17:163-166.

Fickl, S., O. Zuhr, H. Wachtel, W. Bolz, and M.B. Huerzeler. 2008a. Hard tissue
alterations after socket preservation: an experimental study in the beagle
dog. Clinical Oral Implants Research. 19:1111-1118.

Fickl, S., O. Zuhr, H. Wachtel, C.F.J. Stappert, J.M. Stein, and M.B. Hurzeler.
2008b. Dimensional changes of the alveolar ridge contour after different
socket preservation techniques. Journal of Clinical Periodontology.
35:906-913.

Filippi, A., Y. Pohl, and T. von Arx. 2001. Decoronation of an ankylosed tooth for
preservation of alveolar bone prior to implant placement. Dental
Traumatology. 2001:93 - 95.

Finucane, D., and M.J. Kinirons. 2003. External inflammatory and replacement
resorption of luxated, and avulsed replanted permanent incisors: a
review and case presentation. Dental Traumatology. 19:170-174.

Ford, T.R., M. Torabinejad, H.R. Abedi, L.K. Bakland, and S.P. Kariyawasam.
1996. Using mineral trioxide aggregate as a pulp-capping material. The
Journal of the American Dental Association. 127:1491-1494.

Forsten, L., and E. Soderling. 1984. The alkaline and antibacterial effect of
seven Ca(OH), liners in vitro. Acta Odontologica Scandinavica. 42:93 -
98.

Frayssinet, P., L. Gineste, P. Conte, J. Fages, and N. Rouquet. 1998. Short-
term implantation effects of a DCPD-based calcium phosphate cement.
Biomaterials. 19:971-977.

Fuentes, V., M. Toledano, R. Osorio, and R.M. Carvalho. 2003. Microhardness
of superficial and deep sound human dentin. Journal of Biomedical
Materials Research Part A. 66A:850-853.

Gbureck, U., S. Dembski, R. Thull, and J.E. Barralet. 2005. Factors influencing
calcium phosphate cement shelf-life. Biomaterials. 26:3691-3697.
Ginebra, M.P., T. Traykova, and J.A. Planell. 2006. Calcium phosphate cements
as bone drug delivery systems: A review. Journal of Controlled Release.

113:102-110.

Gomes, B.P.F.A., C.C.R. Ferraz, V. M. E, V.B. Berber, F.B. Teixeira, and F.J.
Souza-Filho. 2001. In vitro antimicrobial activity of several concentrations
of sodium hypochlorite and chlorhexidine gluconate in the elimination of
Enterococcus faecalis. International Endodontic Journal. 34:424-428.

GOmez, E., M. Martin, J. Arias, and F. Carceller. 2005. Clinical applications of
Norian SRS (calcium phosphate cement) in craniofacial reconstruction in
children: Our experience at Hospital La Paz since 2001. Journal of Oral
and Maxillofacial Surgery. 63:8-14.

Gregg, T.A., and D.H. Boyd. 1998. UK National Clinical Guidelines in Paediatric
Dentistry: Treatment of avulsed permanent teeth in children. International
Journal of Paediatric Dentistry. 8:75 - 81.

155



Grover, L.M., U. Gbureck, A.M. Young, A.J. Wright, and J.E. Barralet. 2005.
Temperature dependent setting kinetics and mechanical properties of B-
TCP-pyrophosphoric acid bone cement. Journal of Materials Chemistry.
15:4955-4962.

Grover, L.M., J.C. Knowles, G.J.P. Fleming, and J.E. Barralet. 2003. In vitro
ageing of brushite calcium phosphate cement. Biomaterials. 24:4133-
4141.

Harwood, L.M., C.J. Moody, and J.M. Percy. 1999. Spectroscopic analysis of
organic compounds. In Experimental organic chemistry - Standard and
microscale. Blackwell Science, Cornwall. 276 - 396.

Henry, P., W. Laney, T. Jemt, D. Harris, P. Krogh, G. Polizzi, G. Zarb, and 1.
Herrmann. 1996. Osseointegrated Implants for Single-Tooth
Replacement: A Prospective 5-Year Multicenter Study. The International
Journal of Oral & Maxillofacial Implants. 11:450 - 55.

Heys, D.R., C.F. Cox, R.J. Heys, and JK. Avery. 1981. Histological
considerations of direct pulp capping agents. Journal of Dental
Research. 60:1371 - 1379

Hidaka, N., Y. Yamano, Y. Kadoya, and N. Nishimura. 2002. Calcium phosphate
bone cement for treatment of distal radius fractures: a preliminary report.
Journal of Orthopaedic Science. 7:182-187.

Hofmann, M.P., A.R. Mohammed, Y. Perrie, U. Gbureck, and J.E. Barralet.
2009. High-strength resorbable brushite bone cement with controlled
drug-releasing capabilities. Acta Biomaterialia. 5:43-49.

Hofmann, M.P., A.M. Young, U. Gbureck, S.N. Nazhat, and J.E. Barralet. 2006.
FTIR-monitoring of a fast setting brushite bone cement: effect of
intermediate phases. Journal of Materials Chemistry. 16:3199-3206.

Holland, R., W. de Mello, M.J. Nery, P.F.E. Bernabe, and V. de Souza. 1977.
Reaction of human periapical tissue to pulp extirpation and immediate
root canal filling with calcium hydroxide. Journal of endodontics. 3:63-67.

Houston, S., P. Hougland, J.J. Anderson, M. LaRocco, V. Kennedy, and L.O.
Gentry. 2002. Effectiveness of 0.12% Chlorhexidine Gluconate Oral
Rinse in Reducing Prevalence of Nosocomial Pneumonia in Patients
Undergoing Heart Surgery. American Journal of Critical Care. 11:567-
570.

Hugo, W.B., and A.R. Longworth. 1964. Some aspects of the mode of action of
chlorhexidine. Journal of Pharmacy and Pharmacology. 16:655-662.

Ishikawa, K., and K. Asaoka. 1995. Estimation of ideal mechanical strength and
critical porosity of calcium phosphate cement. Journal of Biomedical
Materials Research. 29:1537-1543.

Karabucak, B., D. Li, J. Lim, and M. Igbal. 2005. Vital pulp therapy with mineral
trioxide aggregate. Dental Traumatology. 21:240-243.

Keiser, K., C.C. Johnson, and D.A. Tipton. 2000. Cytotoxicity of Mineral Trioxide
Aggregate Using Human Periodontal Ligament Fibroblasts. Journal of
endodontics. 26:288-291.

Kinirons, M.J., V. Srinivasan, R.R. Welbury, and D. Finucane. 2001. A study in
two centres of variations in the time of apical barrier detection and barrier
position in nonvital immature permanent incisors. International Journal of
Paediatric Dentistry. 11:447-451.

Koeman, M., A.J.A.M. van der Ven, E. Hak, H.C.A. Joore, K. Kaasjager, A.G.A.
de Smet, G. Ramsay, T.P.J. Dormans, L.P.H.J. Aarts, E.E. de Bel,
W.N.M. Hustinx, I. van der Tweel, A.M. Hoepelman, and M.J.M. Bonten.
2006. Oral Decontamination with Chlorhexidine Reduces the Incidence
of Ventilator-associated Pneumonia. American Journal of Respiratory
and Critical Care Medicine. 173:1348-1355.

156



Kurashina, K., H. Kurita, M. Hirano, A. Kotani, C.P.A.T. Klein, and K. de Groot.
1997. In vivo study of calcium phosphate cements: implantation of an 1+-
tricalcium phosphate/dicalcium phosphate dibasic/tetracalcium
phosphate monoxide cement paste. Biomaterials. 18:539-543.

Kvinnsland, S.R., A. Bardsen, and |. Fristad. 2010. Apexogenesis after initial
root canal treatment of an immature maxillary incisor — a case report.
International Endodontic Journal. 43:76-83.

Lang, N., and M.C. Brecx. 1986. Chlorhexidine digluconate—an agent for
chemical plaque control and prevention of gingival inflammation. Journal
of Periodontal Research. 21:74-89.

Lekovic, V., E.B. Kenney, M. Weinlaender, T. Han, P. Klokkevold, M. Nedic, and
M. Orsini. 1997. A Bone Regenerative Approach to Alveolar Ridge
Maintenance Following Tooth Extraction. Report of 10 Cases. Journal of
Periodontology. 68:563-570.

Lindhe, J., P.N. Lang, and T. Karring. 2008. Clinical Periodontologyand Implant
Dentistry. Blackwell Munksgaard, Singapore.

Mackie, I., E. Bentley, and H. Worthington. 1988. The closure of open apices in
non-vital immature teeth. British Dental Journal. 165:169 - 173.

Majekodunmi, A.O., S. Deb, and J.W. Nicholson. 2003. Effect of molecular
weight and concentration of poly(acrylic acid) on the formation of a
polymeric calcium phosphate cement. Journal of Materials Science:
Materials in Medicine. 14:747 - 752.

Malmgren, B. 2000. Decoronation: How, Why and When? Journal of the
California Dental Association. 28:846 - 854.

Malmgren, B., J.O. Andreasen, M.T. Flores, A. Robertson, A.J. DiAngelis, L.
Andersson, G. Cavalleri, N. Cohenca, P. Day, M.L. Hicks, O. Malmgren,
A.J. Moule, J. Onetto, and M. Tsukiboshi. 2012. International Association
of Dental Traumatology guidelines for the management of traumatic
dental injuries: 3. Injuries in the primary dentition. Dental Traumatology.
28:174-182.

Malmgren, B., and O. Malmgren. 2002. Rate of infraposition of reimplanted
ankylosed incisors related to age and growth in children and
adolescents. Dental Traumatology. 18:28-36.

Marino, F., J. Torres, M. Hamdan, C. Rodriguez, and E. Cabarcos. 2007.
Advantages of using glycolic acid as a retardant in a brushite forming
cement. Journal of Biomedical Materials Research B: Applied
Biomaterial. 83B:571 - 579.

Martin, 1.G., C.G. Daly, and V.P. Liew. 1990. After-hours treatment of anterior
dental trauma in Newcastle and western Sydney: a four-year study.
Australian Dental Journal. 35:27-31.

Matégjicek, J., B. Kolman, J. Dubsky, K. Neufuss, N. Hopkins, and J. Zwick.
2006. Alternative methods for determination of composition and porosity
in abradable materials. Materials Characterization. 57:17-29.

Meganck, J.A., M.J. Baumann, E.D. Case, L.R. McCabe, and J.N. Allar. 2005.
Biaxial flexural strength testing of calcium phosphate bioceramics for use
in tissue engineering. Journal of Biomedical Material Research Part A.
72A: 115-126

Meyer, U., T.H. Meyer, J. Handschel, and H.P. Wiesmann. 2009. Fundamentals
of Tissue Engineering and Regenerative Medicine. Springer, Heidelberg.

Mirtchi, A.A., J. Lemaitre, and E. Munting. 1991. Calcium phosphate cements:
effect of fluorides on the setting and hardening of B-tricalcium phosphate-
dicalcium phosphate-calcite cements. Biomaterials. 12:505-510.

Mirtchi, A.A., J. Lemaitre, and E. Hunting. 1989a. Calcium phosphate cements:
action of setting regulators on the properties of the p-tricalcium
phosphate-monocalcium phosphate cements. Biomaterials. 10:634-638.

157



Mirtchi, A.A., J. Lemaitre, and N. Terao. 1989b. Calcium phosphate cements:
study of the B-tricalcium phosphate - monocalcium phosphate system.
Biomaterials. 10:475-480.

Mijor, I.A. 1985. Dentin-predentin complex and its permeability: pathology and
treatment overview. J Dent Res. 64 Spec N0:621-7.

Moore, A., M.F. Howley, and A.C. O’Connell. 2011. Treatment of open apex
teeth using two types of white mineral trioxide aggregate after initial
dressing with calcium hydroxide in children. Dental Traumatology.
27:166-173.

Morell, R. 1998. Biaxial flexural strength testing of ceramic materials. A National
Measurement Good Clinical Practice Guide, National Physical
Laboratory. No 12.

Nevins, M., M.C. Sergio De Paoli, M. Simion, C. Tinti, and B. Wagenberg. 2006.
A study of the fate of the buccal wall of extraction sockets of teeth with
prominent roots. International Journal of Periodontics & Restorative
Dentistry. 26:19 - 29.

Norton, M.R., EW. Odell, I.D. Thompson, and R.J. Cook. 2003. Efficacy of
bovine bone mineral for alveolar augmentation: a human histologic
study. Clinical Oral Implants Research. 14:775-783.

Nurit, J., J. Margerit, A. Terol, and P. Boudeville. 2002. pH-metric study of the
setting reaction of monocalcium phosphate monohydrate/calcium oxide-
based cements. Journal of Materials Science: Materials in Medicine.
13:1007-1014.

Oguchi, H., K. Ishikawa, K. Mizoue, K. Seto, and G. Eguchi. 1995. Long-term
histological evaluation of hydroxyapatite ceramics in humans.
Biomaterials. 16:33-38.

Oikarinen, K., and D. Kassila. 1987. Causes and types of traumatic tooth injuries
treated in a public dental health clinic. Dental Traumatology. 3:172-177.

Onetto, J.E., M.T. Flores, and M.L. Garbarino. 1994. Dental trauma in children
and adolescents in Valparaiso, Chile. Dental Traumatology. 10:223-227.

Otsuka, M., Y. Matsuda, Y. Suwa, J.L. Fox, and W.I. Higuchi. 1994a. A novel
skeletal drug delivery system using a self-setting calcium phosphate
cement. 5. Drug release behavior from a heterogeneous drug-loaded
cement containing an anticancer drug. Journal of Pharmaceutical
Sciences. 83:1565-1568.

Otsuka, M., Y. Matsuda, Y. Suwa, J.L. Fox, and W.I. Higuchi. 1994b. A novel
skeletal drug delivery system using self-setting calcium phosphate
cement. 2. Physicochemical properties and drug release rate of the
cement-containing indomethacin. Journal of Pharmaceutical Sciences.
83:611-615.

Parirokh, M., and M. Torabinejad. 2010. Mineral Trioxide Aggregate: A
Comprehensive Literature Reviewa€’Part 1ll: Clinical Applications,
Drawbacks, and Mechanism of Action. Journal of endodontics. 36:400-
413.

Peppas, N. 1983. A model of dissolution-controlled solute release from porous
drug delivery polymeric systems. Journal of Biomedical Materials
Research. 17:1079 - 1087.

Perez, R., R. Berkowitz, L. McLlveen, and D. Forrester. 1991. Dental trauma in
children: a survey. Dental Traumatology. 7:212-213.

Perez, R., K. Hae-Won, and M. Ginebra. 2012. Polymeric additives to enhance
the functional properties of calcium phosphate cements. Journal of
Tissue Engineering. 3:1 - 20.

Pinar Erdem, A., and E. Sepet. 2008. Mineral trioxide aggregate for obturation of
maxillary central incisors with necrotic pulp and open apices. Dental
Traumatology. 24:e38-e41.

158



Pioletti, D.P., H. Takei, T. Lin, P. Van Landuyt, Q. Jun Ma, S. Yong Kwon, and
K.L. Paul Sung. 2000. The effects of calcium phosphate cement particles
on osteoblast functions. Biomaterials. 21:1103-1114.

Pittet, C., and J. Lemaitre. 2000. Mechanical characterization of brushite
cements: A Mohr circles' approach. Journal of Biomedical Materials
Research. 53:769-780.

Pradhan, D., H. Chawla, K. Gauba, and A. Goyal. 2006. Comparative evaluation
of endodontic management of teeth with unformed apices with mineral
trioxide and calcium hydroxide. Journal of Dentistry for Children. 73:79 -
85.

Ratier, A., I.R. Gibson, S.M. Best, M. Freche, J.L. Lacout, and F. Rodriguez.
2001. Setting characteristics and mechanical behaviour of a calcium
phosphate bone cement containing tetracycline. Biomaterials. 22:897-
901.

Ravn, J. 1982. Follow-up study of permanent incisors with complicated crown
fractures after acute trauma. Scandinavian Journal of Dental Research.
90:363 - 372.

Rodd, H.D., R. Malhotra, C.H. O'Brien, C. Elcock, L.E. Davidson, and S. North.
2007. Change in supporting tissue following loss of a permanent
maxillary incisor in children. Dental Traumatology. 23:328-332.

Rosenberg, B., P.E. Murray, and K. Namerow. 2007. The effect of calcium
hydroxide root filling on dentin fracture strength. Dental Traumatology.
23:26-29.

Sandor, G.K.B., D. Lam, L.P. Ylikontiola, V.T. Kainulainen, K.S. Oikarinen, and
M.L. Cloike. 2010. Autogenous bone harvesting techniques. In Oral and
maxillofacial surgery. L. Andersson, K.E. Kahnberg, and M.A. Pogrel,
editors. Willey - Blackwell, Oxford.

Sanzana, E.S., M. Navarro, F. Macule, S. Suso, J.A. Planell, and M.P. Ginebra.
2008. Of the in vivo behavior of calcium phosphate cements and glasses
as bone substitutes. Acta Biomaterialia. 4:1924-1933.

Sapir, S., and J. Shapira. 2008. Decoronation for the management of an
ankylosed young permanent tooth. Dental Traumatology. 24:131 - 135.

Schropp, L., A. Wenzel, and T. Karring. 2003. Bone Healing and Soft Tissue
Contour Changes Following Single-Tooth Extraction: A Clinical and
Radiographic 12-Month Prospective Study. The International Journal of
Periodontics & Restorative Dentistry. 23:313 - 323.

Shaw, W.C., K.D. O'Brien, S. Richmond, and P. Brook. 1991. Quality control in
orthodontics: risk/benefit considerations. Br Dent J. 170:33-37.

Sheehy, E., and G. Roberts. 1997. Use of calcium hydroxide for apical barrier
formation and healing in non-vital immature permanent teeth: a review.
British Dental Journal. 183:241 - 246.

Song, J.-S., F.K. Mante, W.J. Romanow, and S. Kim. 2006. Chemical analysis
of powder and set forms of Portland cement, gray ProRoot MTA, white
ProRoot MTA, and gray MTA-Angelus. Oral Surgery, Oral Medicine, Oral
Pathology, Oral Radiology, and Endodontology. 102:809-815.

Stefopoulos, S., D.V. Tsatsas, N.P. Kerezoudis, and G. Eliades. 2008.
Comparative in vitro study of the sealing efficiency of white vs grey
ProRoot mineral trioxide aggregate formulas as apical barriers. Dental
Traumatology. 24:207-213.

Stockwell, A.J. 1988. Incidence of dental trauma in the Western Australian
School Dental Service. Community Dentistry and Oral Epidemiology.
16:294-298.

Tamimi, F., B. Kumarasami, C. Doillon, U. Gbureck, D.L. Nihouannen, E.L.
Cabarcos, and J.E. Barralet. 2008a. Brushite - collagen composites for
bone regeneration. Acta Biomaterialia. 4:1315-1321.

159



Tamimi, F., Z. Sheikh, and J. Barralet. 2012. Dicalcium phosphate cements:
Brushite and monetite. Acta Biomaterialia. 8:474-487.

Tamimi, F., J. Torres, R. Bettini, F. Ruggera, C. Rueda, M. Lopez-Ponce, and E.
Lopez-Cabarcos. 2008b. Doxycycline sustained release from brushite
cements for the treatment of periodontal diseases. Journal of Biomedical
Materials Research Part A. 85A:707-714.

Theiss, F., D. Apelt, B. Brand, A. Kutter, K. Zlinszky, M. Bohner, S. Matter, C.
Frei, J.A. Auer, and B. von Rechenberg. 2005. Biocompatibility and
resorption of a brushite calcium phosphate cement. Biomaterials.
26:4383-4394.

Timonshenko SP, K.S. 1964. Theory of Plates and Shells. McGraw Hill Higher
Education.

Torabinejad, M., and N. Chivian. 1999. Clinical applications of mineral trioxide
aggregate. Journal of endodontics. 25:197-205.

Torabinejad, M., C.U. Hong, F. McDonald, and T.R. Pitt Ford. 1995. Physical
and chemical properties of a new root-end filling material. Journal of
endodontics. 21:349-353.

Trope, M. 2002. Root Resorption due to Dental Trauma. Endodontic Topics.
1:79-100.

Turner, T.M., R.M. Urban, K. Singh, D.J. Hall, S.M. Renner, T.-H. Lim, M.J.
Tomlinson, and H.S. An. 2008. Vertebroplasty comparing injectable
calcium phosphate cement compared with polymethylmethacrylate in a
unique canine vertebral body large defect model. The spine journal :
official journal of the North American Spine Society. 8:482-487.

Twati, W., D. Wood, T. Liskiewicz, N. Willmott, and M. Duggal. 2009. An
Evaluation of the Effect of Non-Setting Calcium Hydroxide

on Human Dentine: A pilot Study. European Archives of Paediatric Dentistry.
10:104 - 109.

Tziafas, D., O. Pantelidou, A. Alvanou, G. Belibasakis, and S. Papadimitriou.
2002. The dentinogenic effect of mineral trioxide aggregate (MTA) in
short-term capping experiments. International Endodontic Journal.
35:245-254.

Vaidyanathan, M., J. Mitchell, S. Patel, and H. Ford. 2010. Management and
root canal treatment of non - vital immature permanent incisor teeth
guideline. British Society of Paediatric Dentistry.

Watts, A., and R.C. Paterson. 1981. Cellular responses in the dental pulp: A
review. International Endodontic Journal. 14: 10 - 21.

Weinberg, B. 1968. A Cephalometric Study of Normal and Defective /s/
Articulation and Variations in Incisor Dentition. J Speech Hear Res.
11:288-300.

White, R.R., G.L. Hays, and L.R. Janer. 1997. Residual antimicrobial activity
after canal irrigation with chlorhexidine. Journal of endodontics. 23:229-
231.

WHO. 1978. Application of the International Classification of Diseases to
Dentistry and Stomatology (ICD - DA). Geneva: World Health
Organisation:88 - 89.

Wilson, A.D., H.J. Posser, and D.R. Powis. 1967. The mechanism of adhesion
of polyacrylate cements to HAP. Journal of Dental Research. 2:590 -
592.

Winter, G. 1977. Endodontic therapy of traumatisedteethin children. International
Dental Journal. 27:252 - 262.

Wong, F.S.L., and K. Kolokotsa. 2004. The cost of treating children and
adolescents with injuries to their permanent incisors at a dental hospital
in the United Kingdom. Dental Traumatology. 20:327-333.

160



Xia, Z., L.M. Grover, Y. Huang, |.E. Adamopoulos, U. Gbureck, J.T. Triffitt, R.M.
Shelton, and J.E. Barralet. 2006. In vitro biodegradation of three brushite
calcium phosphate cements by a macrophage cell-line. Biomaterials.
27:4557-4565.

Xu, J., I.S. Butler, and D.F.R. Gilson. 1999. FT-Raman and high-pressure
infrared spectroscopic studies of dicalcium phosphate dihydrate
(CaHPO4A-2H20) and anhydrous dicalcium phosphate (CaHPOA4).
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy.
55:2801-28009.

Young, A.M., P.Y.J. Ng, U. Gbureck, S.N. Nazhat, J.E. Barralet, and M.P.
Hofmann. 2008. Characterization of chlorhexidine-releasing, fast-setting,
brushite bone cements. Acta Biomaterialia. 4:1081-1088.

Young, A.M., S.A. Rafeeka, and J.A. Howlett. 2004. FTIR investigation of
monomer polymerisation and polyacid neutralisation kinetics and
mechanisms in various aesthetic dental restorative materials.
Biomaterials. 25:823-833.

161



APPENDICES

162



APPENDICES

Appendix 1: Calculation of CHX concentration release from cement

Table Al: Calculation of chlorhexidine concentration release from Sample 1 (C6

PO)

Sample la

Sample 1b

Sample 1c

Absorbance (A)

0.268

0.316

0.259

Corrected Absorbance

(Ac)
Ac-A x DF

2.68

3.16

2.59

Concentration of CHX
(ppm)
CHX (ppm) = A/ E
Where;
A. — Corrected absorbance
E — Slope calibration curve
of CHX at 235 nm (0.0467)

57.39

67.67

55.46

Concentration of CHX

(mg)

0.57

0.68

0.55

Initial mass of CHX (mg)
Mg X fraction of CHX
Where;
Mo — Initial mass of cement

Calculation of CHX fraction

0.29g/(1+1.23+0.2+0.8) g

11.05

12.82

11.69

Percentage of CHX
release (%)
% = concentration / Initial
mass of CHX

5.19

5.29

4.74
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Appendix 2: Average percentage of mass change for degradation.

Table A2: Average percentage of mass change for degradation study

Average Percentage of Mass Changes (95% CI)

Time (hr) CO PO COP6 CO P12 C6 PO C6 P6 C6 P12 C11 PO C11P6 C11 P12
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 6.3 (0.9) 7.3(0.5) 8.2 (0.6) 1.6 (0.3) 6.8 (0.4) 2.7(1.2) 3.9(0.7) 3.1(0.6) 2.3(0.2)
2 5.5 (1.2) 6.5 (0.1) 7.0 (0.5) 5.5 (0.8) 8.6 (2.2) 5.5 (1.2) 6.8 (0.3) 4.8 (0.8) 3.6 (0.5)
4 5.2 (1.6) 5.2 (0.5) 5.5 (0.6) 4.5 (0.6) 7.8 (1.7) 4.5 (1.4) 6.2 (0.3) 4.4 (0.9) 3.1 (1.0)
8 5.0 (1.6) 4.6 (0.6) 5.2 (0.7) 3.5 (1.1) 7.0 (1.5) 3.2 (0.9) 47(0.2) 3.6 (0.8) 2.6 (0.7)
24 4.7 (15) 3.9 (0.8) 5.0 (0.8) 3.2 (1.1) 6.7 (1.3) 2.4 (1.4) 3.7 (0.6) 2.2 (1.3) 1.3(0.6)
72 4.9 (1.4) 3.3(0.8) 4.1(0.8) 2.7 (1.1) 5.5 (0.8) 1.8 (1.7) 2.2 (0.9) 1.5 (1.6) -0.1(0.7)
168 5.0 (1.4) 2.6 (0.9) 3.2(0.8) 2.0 (1.1) 4.0 (0.8) 0.9 (1.6 0.9 (1.2) 05(1.3) | -2.2(0.8)
336 3.6 (1.5) 1.4 (1.4) 2.0 (0.3) 0.4 (1.2) 4.2 (0.8) 0.5 (1.5) 1711 | 4527 | -1.927)
672 3.0 (1.5) 0.8 (1.1) 1.1(0.7) | -143(25) | -7.4(17) | -10.1(0.7) | -11.7(24) | -148(15) | -13.9 (2.6)
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Appendix 3: Average pH value of solutions obtained from degradation and CHX release study

Table A3: Average pH value of solutions at different time points

Average Percentage of Mass Changes (95% CI)

Time (hr) CO PO CO P6 CO P12 C6 PO C6 P6 C6 P12 C11 PO C11 P6 C11 P12
1 5.96 (0.5) | 6.28(0.1) | 6.10(0.2) | 6.13(0.0) | 6.7(0.1) | 6.70(0.0) | 6.02(0.0) | 6.52(0.1) | 6.57 (0.1)

2 6.04 (04) | 595(0.1) | 6.33(0.1) | 6.78(0.1) | 6.31(0.2) | 5.76(0.0) | 6.86(0.1) | 6.31(0.2) | 6.61(0.0)

4 6.60(0.2) | 651(0.0) | 651(0.3) | 7.02(0.1) | 6.29(0.1) | 6.34(0.0) | 6.91(0.0) | 6.58(0.0) | 6.75(0.1)

8 6.64 (0.0) | 6.32(0.1) | 6.62(0.2) | 7.04(0.1) | 6.33(0.1) | 6.53(0.1) | 7.19(0.2) | 6.64(0.0) | 6.80(0.0)

24 6.48(0.3) | 6.05(0.3) | 6.23(0.2) | 6.88(0.1) | 6.40).3) | 6.53(0.0) | 7.06(0.1) | 6.48(0.1) | 6.78(0.1)

72 6.10 (0.0) | 6.68(0.0) | 6.32(0.2) | 6.43(0.2) | 6.66(0.0) | 6.38(0.1) | 6.29(0.3) | 6.10(0.0) | 5.89(0.2)
168 6.69(0.1) | 6.45(0.0) | 6.56(0.1) | 6.53(0.1) | 6.23(0.1) | 6.30(0.1) | 6.28(0.1) | 6.06(0.1) | 5.88(0.4)
336 6.68(0.1) | 6.76(0.2) | 6.82(0.1) | 6.59(0.1) | 6.50(0.2) | 6.45(0.1) | 6.68(0.0) | 6.36(0.1) | 6.25(0.2)
672 6.61(0.2) | 6.35(0.2) | 655(0.2) | 6.47(0.0) | 6.67(0.1) | 6.74(0.1) | 6.57(0.1) | 6.45(0.1) | 6.69(0.2)
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Appendix 4: Average percentages of chlorhexidine release (absorbance at 255 nm)

Table 1. Average percentage of CHX release (absorbance at 255 nm)

Average Percentages of chlorhexidine release (95% CI)

Time (hr) C6 PO C6 P6 C6 P12 Cl11 PO Cl1P6 Cl1 P12
1 5.0 (0.3) 0.3 (0.0) 0.3(0.1) 4.1(0.5) 0.2 (0.0) 1.0 (0.6)
2 8.9 (0.6) 0.4 (0.2) 0.7 (0.2) 7.5(0.7) 0.5 (0.3) 0.5 (0.6)
4 13.4 (0.9) 0.6 (0.2) 1.1(0.2) 10.8 (0.6) 0.8 (0.3) 0.8 (0.3)
8 20.3 (0.8) 0.8 (0.5) 1.3(0.1) 16.1 (0.4) 1.5 (0.1) 1.5 (0.3)
24 43.0 (3.3) 1.1 (0.6) 2.1(0.4) 30.5 (2.5) 3.2(0.3) 3.2(1.0)
72 61.1 (5.5) 1.5 (0.2) 3.2 (0.6) 44.5 (2.5) 5.4 (0.7) 5.4 (1.5)

168 75.6 (4.9) 1.9 (0.0) 4.0 (0.5) 57.1 (2.5) 6.0 (0.7) 6.0 (1.1)
336 894 (2.6) 2.5(0.1) 4.7 (0.2) 73.6 (2.5) 6.5 (0.1) 6.5 (0.5)
672 98.0 (2.9) 3.2(0.1) 5.6 (0.1) 92.6 (1.6) 7.0(0.2) 7.0 (0.3)
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Appendix 5: Permission to Reproduce Material |

Permission to reproduce Figure 2.1 and Figure 2.2 (Copyright Clearance

Center- RightsLink®)

License Details
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John Wiley and Sons (“The John Wiley and Sons”) license consists of your order
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Appendix 6: Permission to Reproduce Material Il

Permission to reproduce Figure 2.2 (Copyright Clearance Center- RightsLink®)

License Details

This is a License Agreement between Mohd Ridzuan Mohd Razi (“You”) and
John Wiley and Sons (“The John Wiley and Sons”) license consists of your order
details, the terms and conditions provided by John Wiley and Sons and the
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License date

Licensed content publisher
Licensed content publication

Licensed content title

Licensed content author

Licensed content date
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John Wiley and Sons

Dental Traumatology

International Association of Dental Traumatology
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Lars Andersson, Jens O. Andreasen, Peter Day,
Geoffrey Heithersay, Martin Trope, Anthony J.
DiAngelis, David J. Kenny, Asgeir Sigurdsson, Cecilia
Bourguignon, Marie Therese Flores, Morris Lamar
Hicks, Antonio R. Lenzi, Barbro Malmgren, Alex J.
Moule, Mitsuhiro Tsukiboshi

Mar 13, 2012

88

96

Dissertation/Thesis

University/Academic

Print and electronic

Figures/tables

1

Illustration of avulsion
No

None
0.00 USD

168
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Permission to reproduce Figure 2.3 (Copyright Clearance Center- RightsLink®)
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This is a License Agreement between Mohd Ridzuan Mohd Razi (“You”) and
John Wiley and Sons (“The John Wiley and Sons”) license consists of your order
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License date
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Appendix 8: Permission to Reproduce Material IV

Permission to reproduce Table 2.3 (Copyright Clearance Center- RightsLink®)
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Appendix 9: Abstract submitted for EAPD 2012

Abstract submitted for 11" European Academy of Paediatric Dentistry (EAPD)
Congress, 2012, Strasbourg, France (24 — 26 May 2012)

Antibacterial Release from Polyacrylic acid modified -Brushite Cements
MR Mohd Razi® P Ashley?, EA Abou Neel®, AM Young®

8Unit of Paediatric Dentistry, UCL Eastman Dental Institute UK, ®Division of Biomaterials and

Tissue Engineering, UCL Eastman Dental Institute UK

In children, alveolar bone loss as sequalae to premature teeth loss in trauma
may complicates implant placement later. Brushite cement has a potential use
as bone filling material and a carrier for antimicrobial agent which offers answer
to this problem Aims: The aims of this study were to assess how partial
replacement of citric by polyacrylic acid (PAA) affects setting kinetics,
chlorhexidine release, degradation, microstructure and mechanical properties of
brushite cement. Materials and Methods: The cements consisted of equimolar
B-tricalcium phosphate and mono-calcium phosphate monohydrate (-
TCP/MCPM) and 6 or 11wt% chlorhexidine. The liquid phase consisted of
agueous 800mM citric acid and PAA solutions at different ratio. Setting kinetics
and final composition were determined using ATR-FTIR and Raman
respectively. Chlorhexidine release was determined with UV spectroscopy and
degradation by mass loss. Brushite microstructure and mechanical properties
were assessed using SEM and an Instron™. Results: ATR-FTIR indicated
formation of polyacrylate salts in addition to brushite but the former was inhibited
by high chlorhexidine content. Raman spectra indicated almost complete
transformation of B-TCP/MCPM to brushite in all samples. PAA addition
reduced 4 week chlorhexidine release to less than 20%. A mass loss of ~15%
for all formulations over 4 weeks was noted irrespective of PAA level.
Microscopically, powder-like structures were observed in samples with PAA in
comparison to the needle-like structure without. PAA addition increased both
strength and modulus. Conclusion: PAA substantially slows setting and
chlorhexidine release kinetics, alters final brushite crystal microstructure,

increases strength/modulus but does not affect the degradation kinetics.
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SUMMARY

The aims of this audit were to assess the management of infraoccluded primary
molar teeth in children, develop clinical protocols and to assess the quality of

reporting of case notes.

This audit was designed to appraise both literature and clinical case notes on
the management of infraocclusion. A search on Medline and retrospective
analysis on patients’ case notes referred to the Joint Orthodontic — Paediatric
Dentistry Clinic (between 2001 and 2011) was carried out. Two different sets of
data collection forms were used to extract information from articles and case

notes.

6 longitudinal studies and 17 patients’ records were included in this audit.
Information on demographic features, clinical and radiographic findings and
quality of data collection and reporting were assessed. The determining factor
on managing infraoccluded primary teeth were the presence or absence of
successor and degree of severity of infraocclusion. There was poor reporting of

information and baseline recording in the case notes.

Clinical protocol / pathway and introduction of a pro forma to collect and
document information are to be implemented for when a patient diagnosed with
infraocclusion to improve treatment outcome and patient care. All cases would
be benefit from multidisciplinary care involving both paediatric dentist and

orthodontist.
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1.0 BACKGROUND AND REVIEW OF THE LITERATURE

1.1 Introduction

Primary molars can be found with their occlusal surfaces inferior to the occlusal
plane of the adjacent teeth. The affected tooth remains static while eruption of
the adjacent teeth continues with vertical growth. This condition is known as
infraocclusion. In the literature, there are various terms that have been used to
describe this condition. These include submergence, secondary retention, , and
arrested eruption. For the purpose of this audit, the term ‘infraocclusion’ will be
used throughout the report. Clinically, infraocclusion of primary molars can vary

from slight / mild degree to complete submergence of the tooth within the bone.

There is evidence available to link infraocclusion with other dental anomalies. A
reciprocal association has been established between infraocclusion of primary
molars with missing aplasia of second premolars, small size of upper lateral
incisors, palatally impacted permanent maxillary canine and enamel hypoplasia
(Baccetti, 1998; Bjerklin et al., 1992; Brown, 1981). The existence of these
associations is clinically relevant, as early diagnosis of one anomaly may

indicate an increased risk for others.

1.2 Prevalence

The prevalence of infraocclusion of primary molars varies among different
populations. It has been reported to range from 0.6% to 24.8% (Andlaw, 1977;
Darling and Levers, 1973; Koyoumdjisky-Kaye and Steigman, 1982b; Kurol,
1981; Kurol, 1984). An epidemiological study in Israeli children found that the
frequency of infraocclusion varied among different ethnic groups (Koyoumdjisky-
Kaye and Steigman, 1982a). Other studies showed that there is a higher
incidence among Caucasians and Hispanics than blacks and Orientals (Albers,
1986).

179



1.3 Aetiology

The developing dentition of a child is characterised by constant movement of
teeth in a vertical direction correlated to the growth and development of the face
and the alveolar processes. The general concept is that the infraoccluded
primary molar has formerly been fully erupted and in occlusion but for some
reason the tooth is no longer capable of maintaining its position adjacent to

other teeth in the developing dentition.

Currently, there is no consensus on the aetiology of infraocclusion. However,
genetic predisposition is a well recognised factor with many children with
infraocclusion in the primary dentition having siblings with the same condition
(Kurol, 1981; Kurol, 1984; Winter et al., 1997). Excessive masticatory pressure,
local trauma and infection (Adamson, 1952), disturbance of local metabolism
(Biederman, 1962; Dixon, 1963), deficient eruptive force (Dixon, 1963),
abnormal facial morphology and tongue pressure (Kurol and Thilander, 1984b)
have also been suggested as possible aetiological factors of infraocclusion with

ankylosis most commonly implicated.

Ankylosis is a well established and frequent association with infraocclusion of
deciduous molars (Darling and Levers, 1973; Kurol and Magnusson, 1984),
however the underlying factors and exact mechanism for the initiation of such
process is unknown (Kurol and Thilander, 1984). Ankylosis occurs when
cementum and dentine are not separated from the surrounding alveolar bone by
the periodontal ligament and subjected to dynamic bone turnover. It has been
postulated that ankylosis can occur as a result of a disturbance in the interaction
between normal resorption and hard tissue repair which takes place in primary
molars during eruption of successor teeth. Although this hypothesis might be

valid, ankylosis is also found in primary teeth without successors.

1.4 Clinical and Radiographic Presentation

Infraocclusion is primarily diagnosed by clinical presentation and it can affect
one to multiple numbers of primary molars at the same time. Generally,

mandibular primary molars are affected more than 10 times as often as maxillary
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primary molars (Kurol, 1981). The lower primary second molar is the most
commonly affected by infraocclusion (Biederman, 1962; Dixon, 1963). There is
no site predilection noted but infraocclusion may be unilateral or bilateral and
can concurrently affect both upper and lower arches. The presentation of
infraocclusion is ten times more common in the primary dentition than the

permanent dentition (Dixon, 1963).

Infraocclusion of primary molars can be classified as slight, moderate or severe
based on the relation (Ekim and Hatibovic-Kofman, 2001) of the involved tooth
to the occlusal plane and to the adjacent teeth. Slight infraocclusion refers to
when the entire occlusal surface is located approximately 1 mm below the
occlusal plane of the neighbouring teeth. Moderate infraocclusion is defined as
when the occlusal surface of the tooth is within the interproximal contact and
severe infraocclusion is judged to be present when the occlusal surface of the
deciduous molar is below the interproximal gingival tissue of one or both

adjacent tooth surface.

Ankylosis can be assessed by percussion of the affected tooth. A high-pitched
tone or metallic sound on percussion indicates at least 20% of the root surface
has direct contact and fused to the surrounding bone. In addition, fusion
between roots and the surrounding alveolar bone resulted in loss of

physiological mobility (Biederman, 1962).

Radiographically, there may be obliteration of the periodontal membrane space
or lack of definition of lamina dura which suggest ankylosis of the affected tooth.

1.5 Sequalae of infraocclusion of primary molar

Many potential sequelae are possible following infraocclusion, including delayed
exfoliation (Kurol and Thilander, 1984b), impaction and / or delayed eruption of
the permanent successor, lateral open bite (Becker and Karnel-R'em, 1992b),
malocclusion (Becker et al., 1992) tipping of adjacent teeth (Becker and Karnel-
R'em, 1992a), over — eruption of the opposing teeth (Kurol and Thilander,
1984b), caries and abscess formation (Teague et al., 1999b) of infraoccluded
tooth.

181



1.6 Management

When considering treatment options for infraoccluded primary molars, the most
influrential factor is the presence or absence of the permanent successor (Kurol
and Koch, 1985; Kurol and Thilander, 1984a).

1.6.1 Successor present

Where permanent successors are present, most of the infraoccluded primary
molar will exfoliate spontaneously. It has been recommended to await normal
exfoliation, although it might be slightly delayed with continuous observation of
the occlusal development. Degree of infraocclusion is not related to amount of
delay (Kurol and Thilander, 1984a).

Unless there are definite indications for extraction e.g. fast progression of
infraoccluded teeth or the affected teeth do not exfoliated within the accepted
delay time of six months (Ekim and Hatibovic-Kofman, 2001), the primary molar
should be left in situ. The need for a space maintainer and balancing /

compensating extraction should be judge case by case (Rock, 2002).

In the literature, there are conflicting opinions whether infraoccluded teeth with
permanent successor present should be restored or not (Kurol and Thilander,
1984b; Teague et al., 1999a). The aims of restoring these teeth are to maintain
the occlusion and to prevent tipping of adjacent teeth. When the patient
presented with mild to moderate infraocclusion without tipping of the adjacent
teeth or overeruption of the opposing teeth should have the occlusal surface
restored to prevent such consequences (Teague et al., 1999a). This can be
achieved by using preformed metal crowns, direct composite restoration of the

crown or even porcelain onlays.
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1.6.2 Agenesis of successor

When the primary molar is infraoccluded and the successor is missing, root
resorption is slow and spontaneous exfoliation is less likely. The present of such
a condition will commonly cause disturbance in the occlusion due to insufficient
alveolar bone support. It has been shown that recovery of bone only occurs in

cases where a successor is present (Kurol and Olson, 1991).

The treatment options depend on patient’s age, the condition and prognosis of
primary molar, occlusion and patient and parents’ preference. In young child,
unless there is severe hypodontia, generalised spacing in the arch the ideal

option is to extract the tooth and close the space (Lindqvist, 1980).

Early treatment is indicated with a severely affected deciduous molar and where
there is evidence of possible future crowding in the arch. Tipping of the first
permanent molar is common association with severely infraoccluded primary
molar (Winter et al., 1997). This results in impaction of the primary molar and
complicates the process of removal. In these circumstances, orthodontic up
righting of the tipped permanent molar might be needed to facilitate removal of

affected primary molar.

In selected cases, retaining the primary molar is also an option. However, the
prognosis of the infraoccluded tooth is uncertain due to variable degree of root
resorption and progression of infraocclusion (Lindgvist, 1980). If latter removal
becomes necessary due to progression of infraocclusion, occlusion disturbance
such as tipping of neighbouring teeth, severe overeruption, progressive root
resorption or caries, the options are to either accept the space or space closure.
Space closure can be achieved orthodontically or with fixed / removable

prosthesis until definite replacement with implant.

As conclusion, management of infraoccluded primary molar is challenging.
Currently there is yet a general consensus on management of the
infraocclusion. A multidiscipline approach involving orthodontist and paediatric
dentist is highly recommended in view of complexity of the case and to ensure
best treatment outcome. The patients should be followed up and specific criteria

for success outcome should be tailored individually.
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2.0 AIMS AND STANDARDS

This clinical audit was undertaken to review both the literature and patient

clinical records on the management of infraoccluded primary molars.

Therefore, the aims of this audit were:

i.  To review the available literature on infraoccluded primary molars

ii. To review patients being managed for infraoccluded primary molars at
Eastman Dental Hospital (EDH).

iii. To assess the quality of data collection during history taking, clinical
examination, radiographic reporting and record keeping in EDH.

iv. To develop a clinical protocol for the management of infraoccluded
primary molar teeth in children and adolescents based on the above.

The following standards should be met:
i.  100% clinical notes should have:
- Family history of any associated dental anomalies.
- Clinical classification of infraocclusion.
- Report on the presence of the developing successor, root
resorption and/or ankylosis.
- Future treatment plan.

ii. In cases where no active treatment was indicated at that visit, records
should be obtained as a baseline to monitor any progression of
infraocclusion. These could be photos or study models.

iii. All cases should have been followed up or discharged to appropriate

care.
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3.0 MATERIALS AND METHODS

3.1 Literature Review

A search was done on Medline for the following search terms: ‘infraoccluded’,
‘infraocclusion’, ‘submerged’, ‘submergence’, ‘secondary retention’, ‘ankylosis’,
‘disinclusion’, ‘impacted’, ‘reimpaction’, ‘reinclusion’, ‘arrested eruption’ and
‘incomplete eruption’. The articles included in this audit were only limited to
prospective or longitudinal studies in children (age 16 years and below at
initiation of studies). A data collection form was developed and used to extract

needed information from the articles (see Appendix 1).

3.2 Patient Notes Review

Over the last 10 years (between 2001 and 2011) a number of cases of
infraoccluded teeth have been seen on the joint Orthodontic — Paediatric
Dentistry Clinic. These cases were usually referred to the joint clinic for
multidisciplinary input on the long — term management. The cohort of cases for
this audit study was obtained retrospectively from the clinic lists and these notes

were provided by the medical records department.

A data collection form was used to extract data from the clinical notes (see
Appendix 2). The form was designed based on the information extracted from
articles included in this audit. Information gathered included patients
demographic, clinical presentation, reporting of radiograph, method of
observation, treatment approach and treatment outcome. The overall quality of
reporting of the clinical and radiographic findings was assessed. Quality was

determined by the presence or absence of information.
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4.0 RESULTS
4.1 Literature review on management of infraoccluded primary molars

4.1.1 Results of the search

A total of six longitudinal articles on management of infraoccluded primary
molars met the criteria and were included in this audit (see Table 1). A total of
217 subjects were reported in these studies. The periods of observation were
only reported in three articles (Kurol and Koch, 1985; Kurol and Magnusson,
1984; Kurol and Thilander, 1984a; Kurol and Thilander, 1984b), and ranged

from 1 to 5 years.

4.1.2 Demographic and clinical features

When looking at all of the included studies, a total of 463 primary molars were
found to be infraoccluded in 217 subjects. Out of these, 195 (42%) teeth had a
permanent successor present and 268 (58%) had missing developing
premolars. The lower second primary molar was the commonest tooth affected.
Table 2 summarises the demographic and clinical features of all the studies,
split by the presence or absence of a successor tooth. The primary maxillary
molar to mandibular ratio for agenesis and presence successor group was 1 to

8.6 and 1 to 4.6 respectively.
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Table 2: List of articles included in the audit.

No. Author(s) Title of Article Journal Year/Volume/Page
Root resorption and submergence in retained
1 Bodil Rune and Karl-Victor | deciduous second molars. European Journal of 1984/6/123 - 131
Sarnas A mixed-longitudinal study of 77 children with Orthodontics
developmental absence of second premolars
2 Juri Kurol and Goran Koch | The effect of extraction of infraoccluded deciduous | American Journal of 1985/87/46-55
molars: A longitudinal study. Orthodontics
3 Juri  Kurol and Birgit | Infraocclusion of primary molars with aplasia of the The Angle 1984/54/283 - 294
Thilander permanent successor. Orthodontist
4 Krister Bjerklin, Midea Al- | Agenesis of mandibular second premolars with retained | European Journal of
Najjar, Henrick Karestedt, | primary molars. A longitudinal radiographic study of 99 Orthodontics 2008/30/254 - 261
Anders Andren subjects from 12 years of age to adulthood.
5 Jari  Kurol and Birgit | Infraocclusion of primary molars and the effect on | European Journal of 1984/6/277 — 293
Thilander occlusal development, a longitudinal study Orthodontics
6 Kirsten Ith-Hansen and | Persistence of deciduous molars in subjects with | European Journal of | 2000/22/239 - 243
Inger Kjeer agenesis of the second premolars Orthodontics
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Table 3: Demographic and clinical feature comparison of subjects with
infraoccluded primary molars depending on presentation of successor premolar.

Demographic and Successor
clinical features Agenesis Present
n (%) n (%)
Number of subjects 206 (74) 71 (26)
Gender
Male 82 (40) 38 (54)
Female 124 (60) 33 (46)
Male to female ratio 1:15 1.2:1
Mean age at presentation (years) 12.0+0.6 9.7+£0.3
Number of teeth affected
Maxilla 28 (10) 35 (18)
Mandible 240 (90) 160 (82)
Maxilla to mandible ratio 1:86 1:46
Type of teeth affected
Upper first primary molar 2 (1) 11 (6)
Upper second primary molar 26 (10) 24 (12)
Lower first primary molar 2 (1) 68 (35)
Lower second primary molar 238 (89) 92 (47)
First to second primary molar ratio 1:66 1:15
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4.1.2.1 Ankylosis and tipping of adjacent teeth

i) Agenesis successor group

Ankylosis of the affected teeth was assessed clinically (mobility assessment and
percussion test). All teeth were described to be ankylosed. Only 12 adjacent
teeth were tipped.

i) Successor present group

Ankylosis was clinically assessed in only 2 studies (Ith-Hansen and Kjaer, 2000;
Kurol and Koch, 1985) involving 46 infraoccluded primary molar which all were
ankylosed. One study made the assumption that infraoccluded teeth (123 teeth)
were ankylosed (Rune and Sarnas, 1984) and one study did not record whether

or not teeth were ankylosed (Bjerklin et al., 2008).

Tipping of adjacent teeth was only reported in one study (Kurol and Koch, 1985).
In this study, tipping occurred when the affected primary molar had an
infraocclusion of 4 mm or more. It was found that only 3 adjacent teeth were

tipped.

4.1.3 Management

i) Agenesis successor group

When the permanent successor was absent, none of the primary teeth had
exfoliated physiologically at the end of study period. 24 teeth (9%) however,
were lost either due to caries, progressive root resorption or progression of

infraocclusion (see Table 3).

Only 1 study (Ith-Hansen and Kjaer, 2000) attempted compensatory composite
onlay to maintain occlusal contact with opposing tooth. This study showed that
at reassessment appointment (15 years later), none of the opposing teeth were

over-erupted and tipping of adjacent teeth were minimal.
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i) Successor present group

When the permanent successors were present, most of the infraoccluded teeth
exfoliated spontaneously (97%). Only 3% were extracted either due to
progression of infraocclusion or severe displacement of the developing premolar
(see Table 3).

Infraocclusion progression was only noted in 24 out of 195 teeth (12%). The
eruptions of the successors were reported within normal range regardless

degree of severity of infraocclusion.

Table 4: Fate of infraoccluded primary molars

Successor
Fate of infraoccluded primary molars Agenesis Present
n (%) n (%)
Retained 244 (91) 0(0)
Loss
e Physiological exfoliation 0 (0) 189 (97)
e Extraction
- Caries 5(1.9) 0(0)
- Severe progression of infraocclusion 7 (2.6) 2(1)
- Replacement with implant 2(0.7) 0(0)
- Replacement with autotransplantation 2(0.7) 0(0)
- Severe displacement of successor 0 (0) 4(2)
e Progression of root resorption 8(3.0) 0 (0)
TOTAL 268 (100) | 195 (100)

4.1.4 Base line records and observation methods for both groups

All subjects in these studies had radiographs in order to determine the status of
developing successor. The types of radiographic exposure include dental
panoramic tomogram or standardised intra — oral periapical radiographs. 83
subjects (38%) had dental cast made and 47% had intraoral photos taken as

baseline records and as a tool to monitor the progression of infraocclusion
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4.2 Clinical Note Audit

4.2.1 Demographic and clinical features

A total of 17 infraoccluded primary molars cases were seen in the Orthodontic —
Paediatric Dentistry Joint Clinic in Eastman Dental Hospital from 2001 to 2011.

These notes were retrospectively audited.

The overall age range of patients with infraoccluded primary molar teeth
attending the joint clinic was 6 to 12 years old with a mean age of 9.8 £ 2.9
years. The ratio of male to female patients was 1 to 1.8. Table 4 and Table 5
show comparison between demographic and clinical features depending on the
presence of permanent successor. 2 subjects had multiple infraoccluded primary
molar with a mixture of both agenesis and present of developing premolars. The

ethnicity distribution of patients is displayed in Figure 1.

It was found that 43 primary teeth were infraoccluded in 17 patients which
ranged from 1 to 7 primary molar teeth with average of 2.5 teeth per patient. The
ratio of maxillary primary molar to mandibular primary molar was 1 to 1.9.
Irrespective of dental arches, the occurrence of infraocclusion was
approximately twice more common in second primary molar compared to first

primary molar but no site predilection was noted.

21 teeth (49%) had severe infraocclusion, 11 (26%) were moderate and 3 (7%)
were slight. 19% of the infraoccluded teeth had no information of the severity in

the notes.

Only 1 patient was documented to have associated dental anomalies (peg
shaped both upper lateral incisors). 3 notes clearly had information on the
condition of adjacent teeth; 2 reported tipping of neighbouring teeth. A total of 6

teeth (14%) which were all second primary molar had missing successor.
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Table 5: Demographic features of patients with infraoccluded primary molar seen
in Joint Orthodontic — Paediatric Dentistry Clinic depending on presentation of

successor premolar.

Demographic features Successor

Agenesis Present Both

(agenesis

and present)
n(%) n(%) n(%)
Number of subjects (Nsupjets = 17) 2(12) 13 (76) 2(12)
Gender

Male 2 (100) 3(23) 1 (50)
Female 0 (0) 10 (77) 1 (50)
Male to female ratio 1:0 1:3.3 1:1

Mean age (years) 11.2+4.2 94+27 11.4+£0.0

Table 6: Number and type of infraoccluded primary molars teeth seen in Joint
Orthodontic — Paediatric Dentistry Clinic depending on presentation of successor

premolar.

Clinical features

Successor (Nien = 43)

Agenesis

Number of teeth (%)

Present

Number of teeth (%)

Number of teeth affected

Maxilla 2 (33) 13 (35)
Mandible 4 (67) 24 (65)
Maxilla to mandible ratio 1:2 1:18
Type of teeth affected
Upper first primary molar 0 (0) 5 (13)
Upper second primary molar 2 (33 8 (22)
Lower first primary molar 0 (0) 8 (22)
Lower second primary molar 4 (67) 16 (43)
First to second primary molar ratio 0:6 1:18
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EWB
EWBC
uC
EAOBB
HAOWB
HAOEB
NS

Legend

wB : White British AOWB : Any other White background
WBC :White and Black Caribbean AOEB : Any other ethnic background
C :Caribbean NS :Not stated

AOBB :Any other Black background.

Figure 1: Ethnic distribution of patient with infraoccluded primary molar referred

to joint clinic

4.2.1.1 Ankylosis and tipping of adjacent teeth

The status of ankylosis of the affected primary molar was unknown as none of
the clinical notes documented it. Overall only 3 case notes recorded tipping of
adjacent tooth (see Table 6).

Table 7: Tipping condition of adjacent teeth of infraoccluded primary molar
according to the status of developing successor.

Successor
Tipping of adjacent tooth Agenesis Presence
Number of tooth Number of tooth
e Yes 1 1
e NoO 1 -
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4.2.2 Current practice at Eastman Dental Hospital

Majority of the patients, 71% were first seen in Paediatric Dental Clinic before
referred to joint Orthodontic — Paediatric Dentistry Clinic.

4.2.3 Management and outcome
The following table (see Table 7) demonstrates the management of
infraoccluded of primary molars seen in Joint Orthodontic — Paediatric Dentistry

Clinic.

Table 8: Management of infraoccluded primary molar teeth seen in Joint
Orthodontic - Paediatric Dentistry Clinic.

Successor (Nieeth = 43)
Management Agenesis Present
Number of teeth (%) Number of teeth (%)

No active treatment - 8 (22)
Extraction

Local anaesthesia 3 (50) 5 (14)

General anaesthesia - 23 (62)

Planned for extraction 1(2)
Restoration 3 (50) -
TOTAL 6 (100) 37 (100)

Out of 23 teeth removed under general anaesthesia, 5 teeth were surgically

removed and the rest had forceps extractions.

4.2.4 Base line records and observation methods for both groups

All cases had radiographic assessment with dental panoramic tomogram (DPT).
3 cases had additional radiographic exposure (2 had long — cone periapical and

1 had bitewings). Only 1 case had study models of dentition made.
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4.3 Quality of data collection and recording

Standard 1: 100% clinical notes should have:-

1a) Family history of dental anomalies

The notes were assessed for the quality of history taking, clinical and
radiographic collection and recording. For history taking, all patients had their
medical status assessed but only 2 patients (12%) had information on whether
they had family history of dental anomalies or not. Only 1 clinical note (6%) had

data of any other associated dental anomalies presented in the dentition.

1b) Clinical classification of infraocclusion

81% of infraoccluded molar were classified into degree of severity of
presentation (slight / mild, moderate or severe). 3 clinical notes (18%) had the

condition of adjacent teeth recorded.

1c) Radiographic reports on presence of developing successor, root resorption

and ankylosis

The information of the presence of successor(s) was recorded in all clinical
notes. However none of the notes had reported on presence or absence of
ankylosis of the affected tooth. The root resorption of the infraoccluded molar
was only reported in 3 notes (18%). 94% (16 cases) had no indices taken for
baseline records to monitor any progression of infraocclusion.

1d) Future treatment plan

No clear outline of treatment plan was documented in any of patient notes.
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Standard 2: Records should be obtained as a baseline to monitor any

progression of infraocclusion. These could be photos or study models.

1 patient (6%) had cast made as record to monitor the progression of
infraocclusion. No other method of observation e.g. clinical photograph or

measurement of depression from occlusal plane was carried out.

Standard 3: All cases should have been followed up or discharged to

appropriate care

8 patients (47%) had an ongoing review in either joint clinic, Paediatric Dentistry
Clinic or Orthodontic Clinic. 4 (24%) had orthodontic treatment, 3 patients (18%)
were discharged. Of these 2 patients were discharged to the referring clinicians
(external referral) and 1 patient requested no further treatment and follow up. 1
patient (6%) had no further appointment arranged and 1 (6%) did not attended

follow up appointment.
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5.0 DISCUSSION

This audit encompasses a combination of review on published articles on the
management of infraoccluded primary molar teeth and retrospective analysis of
similar cases seen in Eastman Dental Hospital (EDH). Therefore, it has the
advantage of observing and analysing the management of infraocclusion teeth
from both sources. Currently there was no appropriate or standardised pathway
on the management of infraocclusion in EDH. Apart from management,
information on demographic features, clinical and radiographic findings were

gathered for comparison and analysis.

In total 6 prospective studies and 17 cases which were seen in joint Orthodontic
— Paediatric Dentistry Clinic were included in this audit. Data from each source
were extracted using designated form (see Appendix 1 and 2). Review of the
literatures provided common themes and pivotal information deemed necessary
for management of such cases. From these findings, form to be used to gather

similar information from case notes were designed and piloted.

Only a small number of infraoccluded cases were able to be identified from the
joint clinic’s patient list. At the moment, apart from this particular list, there was
no centralised data which registers or identified patients with infraocclusion.
Patients were only to be seen in this joint clinic when referral was made for
multidisciplinary input. Therefore, it was very plausible that the number of cases
included in this audit to be underreported and not a true representative of total
number of patients who were actually treated for such condition from 2001 to
2011. Centralisation of the records would enable greater ease in patient

selection should future audit involving infraocclusion be planned.

Overall, it was apparent that there was lack of standardisation in information
collection and reporting in all aspects except on ethnicity and medical history in
the case notes. A good reporting on this information was contributed by the use
of designated pro forma. A pro forma is an effective tool to facilitate data
collection as well as improved documentation and reporting important
information (Davenport et al., 1995). This is to ensure a high quality of record

keeping and improves the completeness of the recording of the assessment of

197



patient which has implications for clinical practice and future audit (Wallace et
al., 1994).

Many case reports (Cozza et al.,, 2004; Dewhurst et al., 1997; Winter et al.,
1997) and epidemiological data (Kurol, 1981; Kurol, 1984) had showed genetic
predisposition and familial tendencies of infraocclusion between family
members. It was very unfortunate however, this information was poorly reported
in both case notes and articles involved in this audit. Although the questions
related to family history on infraocclusion and any other dental anomalies might
had been asked by the clinician during the initial visits, the failure to document
the findings resulted in loss of valuable information in establishing any pattern of

inheritance.

When comparing demographic features, the figures showed that the male to
female ratio for both group (literatures and EDH’s patients) was almost similar,
with female had almost twice infraocclusion to male. The mean age was 11 year
old in literature compared to younger population seen in EDH. It was not
possible to establish any correlation between ethnicity and infraocclusion due to

low number of cases available for the audit.

Maijority of the cases referred to joint clinic had severe degree of infraocclusion.

Although the prevalence of severe infraocclusion in the population were reported
to be low (Winter et al., 1997), the finding of this audit would be contributed to
small number of patient referred to the joint clinic. It was possible that the cases
with lesser severity were not referred to the multidiscipline clinic as the treating

clinicians were confident making treatment plan for the patients.

Tipping of adjacent first permanent molar was a common occurrence when the
primary molar teeth had severe infraocclusion (Winter et al., 1997). However,
similar finding could not be extracted from cases treated in EDH as insufficient
information reported on such condition. Only 3 case notes (18%) had

information of tipping of first permanent molar.

When the management of infraoccluded primary teeth was evaluated, only
deductive conclusion could be drawn from the articles as only two studies had
active interventions and the rest were case — control. The treatment plan would

be either to extract or monitor the affected teeth. The determining factors were
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the presence or absence of successor tooth, degree of severity and progression

of infraocclusion.

In Eastman Dental Hospital, the majority of infraoccluded primary molar were
extracted even if the permanent successor present. The reasons behind the
decision were not documented in the case notes, however it can be postulated
that this decision was based on the severity of the infraocclusion.

Baseline records are important to monitor the progression of infraocclusion and
to appraise treatment outcome. These records provide objective comparison
during review and follow up appointment rather than subjective clinical
assessment. When case notes were assessed, apart from radiograph
assessment, there was no information on other forms of records was taken by
the clinician except in 1 case. In all cases, DPTs were taken as adjunct to
clinical findings and as a screening tool to assess the developing dentition.
This radiographic view however, could not be used as baseline record due to
lack of standardisation in positioning the subjects relative to the radiation source

thus resulting dissimilar films (Becker and Karnel-R'em, 1992a).

The audit showed that there were no predetermined success criteria in both
articles and case notes included in this audit. There was also no consensus on
follow up periods. This problem could be avoided if there was a standardised
guideline on the management of infraocclusion of primary molar. The guideline
should determine the success criteria and reasonable follow up period should be

for each condition (present and agenesis of successor).

One of the significant finding of this audit was the poor reporting quality of the
case notes. The absence of relevant information on family history, clinical and
radiographic findings, decision making process and treatment outcomes resulted
in inadequate data to measure treatment success. These valuable data were

also important for research and audit purposes.

The current practice on management of infraoccluded primary molar in Eastman
Dental Hospital did not achieve the standard set for this audit. It was apparent
that there were lacking in all aspects in management of such cases from record

keeping, baseline recording and follow up appointment. Therefore, an action
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should be taken to improve the inadequacy in both management of

infraocclusion and data collection and reporting.

5.1 Action Plan

A suggested protocol would be having a system that would allow all patients
who are presented with infraocclusion to be referred to the joint orthodontic —
paediatric dentistry clinic for assessment. This would allow multidisciplinary input
and planning of short and long-term treatment with appropriate follow up in the

department or shared care with the general dental practitioner.

A suggested pathway on the management of new cases with infraocclusion of
primary teeth is outline in Figure 2. The patients should be assessed using a
designated newly developed pro forma (see Figure 3) to ensure high quality of
data collection and documentation. This pro forma will be available in the clinic
and to be used when patient presented with infraocclusion identified.
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Suggestion of treatment pathway

Infraocclusion cases identified

U

Referral to Joint Orthodontic-
Paediatric Dentistry Clinic

!

Assessment and comprehensive

treatment plan agreed

To maintain / monitor / Extraction

build up occlusal surface

ik i

Baseline records to Treatment / Follow up

monitor progression appointment

il

Appointment for treatment

and follow up

Discharged to GDP

— A (satisfactory outcome)

’___

Figure 2: Flowchart to illustrate suggested pathway for management of
infraoccluded primary molar in Eastman Dental Hospital.
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Suggestion of Clinical Pro forma

Infraocclusion Clinical Pro forma

Patient’s Sticker

Demographic Data

e Gender: Male / Female
e Age of first presentation:
e Family history of dental anomalies : Yes/No

If yes:

Clinical Presentation
o Referred by: Orthodontic / Paediatric Dentistry / Other
¢ No of teeth affected:

e Type of teeth and stage of infraocclusion

Maxilla Mandible
Types of teeth | URE | URD | ULD | ULE | LLE |LLD |LRD |LRE
Stage of
infraocclusion
Stage of infraocclusion 2 S: Slight M: Moderate Se: Severe

e Tipping of adjacent teeth: Yes/ No

e Other dental anomalies: Yes / No
If yes:
e Evidence of ankylosis: Yes / No

Continue
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Radiograph
¢ Radiograph taken:

DPT/ Periapical / Other

e Root resorption: Yes / No
If yes:
e Premolar Successor:
Maxilla Mandible
Types of teeth | UR5 | UR4 | UL4 [ UL5 |LL5 |LL4 |LR4 |LR5

Presence (P) /

Agenesis (A)

Records and Treatment Plan

¢ Methods of observation:
[ ] Clinical pictures

|:| Study model

|:| Sequential (standardised) radiograph

|:| Other

e Treatment Plan:

Figure 3: Pro forma for history, clinical and radiographic finding of infraoccluded

primary molar cases
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6.0 CONCLUSION

Appraisal of the literatures showed that the presence or absence of successor,
and degree of severity of infraoccluded tooth determines the treatment. In
Eastman Dental Hospital, a joint Orthodontic — Paediatric Dentistry Clinic offers
multidisciplinary approach of such cases to provide a comprehensive care for
the patients. Although this service was available, there was no standardised
clinical pathway or protocol in managing paediatric patients with infraoccluded
primary molar. Essential information was noted absence from the case notes. A
new clinical protocol and infraocclusion pro forma is required to improve data

collection, reporting and improve patients care.
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APPENDICES

Appendix 1: Data extraction form for the articles

Article Detail

Article No:
Article Title:

Journal:

Year/Volume/Page:

Demographic Data:

No of subjects:

Age/ Mean age:

Gender: Male Female
Ethnicity:
Family history of dental anomaly:
Medical history:
Period of observation:
Clinical Presentation
No of teeth affected:
Type of teeth affected:
Maxilla Mandible
URE | URD | ULD | ULE | LLE | LLD | LRD | LRE
Successor premolar:
Maxilla Mandible
UR5 | UR4 | UL4 | UL5 LL5 LL4 | LR4 | LR5
Tipping of adjacent teeth: Yes / No
Continue
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Radiographic and observation:
e Type of radiograph taken:
- DPT
- Standardised periapical
- Other
e Root resorption : Yes / No
e Ankylosis: Yes/ No
e Methods of observation:
- Study model
- Clinical photograph
- Other

Approach and outcome

e Approach:

NN

NN

e Qutcome:

Figure 4: Data extraction form for the articles
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Appendix 2: Data extraction form for the clinical notes

Patient’s Sticker

Demographic Data

Gender:

Age of first presentation:
Ethnicity:

White

[ British

[ ] Irish

[ ] Any other White Background

Asian or Asian British

[ 1 indian
[ ] Pakistani

[_] Bangladeshi
|:| Any other Asian background

Mixed
[_1 white and Black Caribbean
[_] White and Black African
[ ] White and Asian
|:| Any other mixed background

Male / Female

Black or Black British
|:| Caribbean

[ ] African

[__] Any other black background
Other Ethnic Group

|:| Chinese

[ ] Any other ethnic group

[ ] Not Stated

Family history of dental anomalies : Yes/ No / Not recorded

If yes:

Medical history: Yes / No
If yes:

Continue
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Clinical Presentation
o First seenin: Orthodontic / Paediatric Dentistry

¢ No of teeth affected:

Maxilla Mandible
Type of teeth URE | URD | ULD | ULE |LLE |LLD |LRD |LRE
Stage of
infraocclusion
Successor
Stage of infraocclusion 2 S: Slight M: Moderate
Se: Severe NR: Not recorded

Successor 2 P: Present A: Agenesis NR: Not recorded

e Tipping of adjacent teeth: Yes / No / Not recorded

Other dental anomalies:

If yes:

Yes / No / Not recorded

Evidence of Ankylosis:
Radiograph taken:

Root resorption:

Yes / No / Not recorded
DPT/ Periapical / Other
Yes / No / Not recorded

e Methods of observation:
[ ] Clinical pictures
|:| Study model
|:| Sequential (standardised) radiograph

|:| Other

Treatment and Outcome

e Treatment:

e Outcome and follow up:

Figure 5: Data extraction form for the clinical notes
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Appendix 3: Audit registration form

Received by Clinical Governance:

Eastman Dental Hospital Clinical Audit - Project Registration Form

Project Title: An Audit on Management of Infraoccluded Primary Molar in Children

Start Date: Expected End Date: 1 March 2012 Department:

1 March 2011 Paediatric Dentistry
Project Lead: E-mail:mohd.razi.09@ucl.ac.uk Phone:

Mohd Ridzuan Mohd Razi 02079151022

O Approved by Departmental Audit Lead | O Approved by Departmental Clinical Lead
) )

Other Personnel Involved (please include contact details):
Dr Paul Ashley (p.ashley@eastman.ucl.ac.uk)

Reasons for audit:
(e.g. Itis thought that practise can be improved; Response to feedback/complaint; validation
against recently published guidelines; Recent changes in law, etc.)

] To evaluate the efficacy of current practice

Aims and objectives with an overview of the project:

=  To review both the literature including case reports on the management of
infraoccluded teeth and cases managed at the Eastman Dental Hospital.

= To develop a clinical protocol for the management of infraoccluded teeth in children and
adolescent.

Standards:
This is what your audit will measure your current activity against (e.g. 90% of patients are seen
within 10 minutes of their appointment time; Failure of an implant is defined as...etc.)

= All cases of infraocclusion should be referred to multidiscipline team for definitive
treatment planning.
= All cases of infraocclusion should be monitored for treatment progress.

Materials and method for measuring against standards (include sample size & timescale):
(e.g. A questionnaire to be completed prospectively by the clinician/patient; Patient interview)

= Proforma (see protocol),
= Timescale : one year

Interdepartmental audit: O No A Yes, specify departments:
Orthodontic, Hypodontia

Multi-professional audit: A no OO vYes, specify professions:

Type of audit project: O  structure A process O outcome

Scope of audit project: [] National O Regional A Loca

(tick one or more)

Does this project link with Z No D YeS, give details:

research?

Does this prOjeCt link with Z No D Yes, p|ease specify:

the clinical audit priorities

in the annual report? If No, please give  Currently, there is no robust evidence on

good reason for management of infraoccluded teeth in
audit: children
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Audit  Office  support 1 No
required:

(e.g. project design,

database creation, Formic)

O vYes, please specify:

Figure 6: Audit registration form
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