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ABSTRACT
Title of the Dissertation: Novel Bio-interactive Fixed Dental Restoration Cement with
Potent Antibacterial and Remineralization Properties.
Rashed Abdullmatlob AlSahafi, BDS, MSc, Doctor of Philosophy, 2022.
Dissertation directed by: Michael D. Weir, Ph.D., Research Assistant Professor,
Department of Advanced Oral Sciences and Therapeutics, University of Maryland
School of Dentistry, Baltimore, MD, USA and Huakun Xu, MS, Ph.D., MS, Professor,
Director, Biomaterials and Tissue Engineering Division, Department of Advanced Oral
Sciences and Therapeutics, University of Maryland School of Dentistry, Baltimore,
MD, USA.

Resin-based cement is increasingly used in clinical practice due to its excellent
mechanical and physical properties. The cementation and accurate placement of fixed
dental restorations with an ideal marginal adaptation to the tooth structure remains a
challenging laboratory and clinical task. The marginal gap of fixed dental restoration
increases the opportunity for microleakage, plaque accumulation, and tooth
demineralization by increasing the potential for food buildup around the margin and
exposing the tooth-cement interface to the oral cavity. Thus, there is an increased need
to develop a new generation of bio-interactive dental cement with antibacterial, longterm remineralization abilities, and excellent mechanical properties. Therefore, this
dissertation aims to invent new bio-interactive resin-based cement containing

dimethylaminohexadecyl methacrylate (DMAHDM), nanoparticles of amorphous
calcium phosphate (NACP), and nanoparticles of calcium fluoride (nCaF2), which
could be a promising approach to increase the chances of success of fixed dental
restoration and strengthen tooth structures. All new cement formulations were
subjected to a series of mechanical, antibacterial, and ion release assessments. In the
first manuscript, we found that the new NACP+DMAHDM cement has excellent
potential for fixed restoration cementation, as it efficiently inhibited S. mutans biofilm
commonly associated with secondary caries and maintained an excellent mechanical
property with high levels of Ca and P ions released. In the second manuscript, we found
that incorporating DMAHDM and NACP into resin-based cement provides strong
antibacterial action against saliva microcosm biofilm and presents a high level of Ca
and P ion recharge abilities. In the third manuscript, we found that the new cement with
both NACP and nCaF2 demonstrated the advantages of both types of bio-interactive
fillers as it could release a higher level of ions than the resin cement with only nCAF2
and exhibits a better rechargeability compared to the resin cement with only NACP.
Lastly, in the fourth manuscript, we found that the novel antibacterial low-shrinkagestress resin-based cement provided strong antibacterial action and maintained excellent
mechanical properties with reduced polymerization shrinkage stress, which could
improve the long-term success of the fixed dental restoration.

Novel Bio-interactive Fixed Dental Restoration Cement with Potent Antibacterial
and Remineralization Properties

by
Rashed Abdullmatlob AlSahafi

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, Baltimore in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2022

©Copyright 2022 by Rashed Abdullmatlob AlSahafi
All Rights Reserved

DEDICATION
To God, for all the graces and inspiration you have given me and for making
me able to withstand all the difficulty in this life.
To my mother Ameria and my father Abdullmatlob for their continuous and
relentless belief in me, even when there were times that I had uncertainties. You have
given me everything I need in my life. You were the light that ignited my soul whenever
I felt down. When I ever feel down in my life, the first thing that makes me smile again
are you, who care about me and love me with limitless love. I always pray to God to
help me to be your support always and ever.
To my beloved wife, Abrar Boghaf, for your continuous support and
encouragement throughout all the challenges we faced. I will always be grateful to you
for being at my side after every hard day and every day. Always remember that I love
you forever. All words of thanks are not enough to express my feelings to you.
To my beautiful kids, Tariq and Lilia, your smiles make me forget all my fears.
Your beautiful spirits remind me about what is important in my life. Thank you, Tariq,
for all the beautiful times and moments we lived together. You are the light of my life,
who light all my ways.
To my beloved siblings Tariq, Ghanma, Ashraf, Mohammed, Samera, Amjad,
Rahaf, Ahmad Battal, and Dym. I am so lucky to have them in my life. I would not
reach this point without your tremendous support and encouragement. Thank you all
and may God bless you wherever you are.

iii

To my cousin Fahad Alsahafi, thank you for your advice and encouragement to
me since our childhood. Thank you for consistently being supportive and helpful to me.
I will always be thankful to you.

iv

ACKNOWLEDGEMENTS
I would like to express my sincere appreciation to my mentor Dr. Michael D.
Weir, for his exceptional close supervision and mentorship throughout the Ph.D.
journey, for his endless encouragement, and for his efforts and time spent teaching me.
He was always there when I needed him. He taught me how to enjoy what I am doing
and how to think smart and create a balance between my work and my life. This Ph.D.
would not be possible without him! I cannot thank him enough.
I also would like to express my sincere thankfulness to My co-mentor, Prof.
Huakun Xu, for his mentorship and support throughout my Ph.D. For all the
contributions and supervision I have received while working with him. Thank you for
creating a great environment within the lab which is the main reason for all of us to
succeed. He is always ready to bring what we need to get the work done amazingly and
simply. I will always be grateful to you and for the time I have spent learning from you
and listening for your to the point and wise advise.
I would like to extend my special thanks to Dr. Mary Anne S. Melo for her
incredible guidance and advice on my research and for always being there when I
needed her. Thank you for your big heart and smile and being motivated when you
teach me.
Many thanks to Dr. Pei Feng, our program director, for her continuous support
and guidance throughout my research experience. She also always cares about all of us
and helps us with difficulties in our life. I will always be grateful to her.

v

I would also like to thank and appreciate Dr. Jirun Sun for his valuable
comments and advice. I am very grateful for his help and guidance in this thesis.
I would like to extend a grand gesture of gratitude to our hero Ms. Nichole
Mitchell, for all her help and support. She is always very helpful and supportive. She
helps me from the first day until the program's last day. She always helps with a big
heart and a smile. I will always be thankful for her.
To Dr. Nada Hamouh, for being a sister and family member for us here in
Maryland. Thank you for being a great support for my family. We will always be
grateful for you.
To my friends and colleagues, Heba Mitwalli and Abdulrahman Balhaddad, I
couldn’t have hoped for better friends and colleagues than you. I am very thankful for
meeting you here at the University of Maryland and working with you. Working with
you significantly improved me not only in my education but also in many different
aspects of my life. I would also like to extend my sincere thanks to Dr. Mohammad
AlQranei for his assistance when I came to Maryland and for all the advice and the
beautiful days that we had together. I would also like to express my gratitude to Dr.
Abdullah Al-Hussein for his continuous advice, future planning and all the good times
that we had in Baltimore.
All my thanks and gratitude are addressed to my colleagues, Dr. Anmar Kensara
and Dr. Theeb Alquria for the beautiful days that we had together. I would also like to

vi

express my gratitude to my colleagues, Dr. Ebtehal Albeshir, Dr. Rayyan Alfirdous,
and Dr. Hanan Filemban. Thank you for creating an excellent work environment.
I would also like to thank all the previous people in our lab, program, and
school, Dr. Bashayer Baras, Maria Ibrahim, Dr.Eman Hefni, Dr. Ghalia Bhadila, Dr.
Quan Dai, Dr. Hong Chen, Dr. Wen Zhou, Dr. Qiu Gengtao, Dr. Allan, Thank you for
the continuous support.
All my thanks and gratitude are addressed to my friends at Maryland, Dr.
Abdulrahman Alamoudi, Dr. Ahmad Majeed-Saidan, Dr. Malik Alshehri, and Dr.
Abdulmohsen.
I would also like to thank my friends in Baltimore County, Dr. Majed Aljazaeri,
Dr. Hamdan Alshehri, Dr. Majed Almutairi, and Mushaal Alhumami. For all the
beautiful times we spent together in the United States.
I would also like to extend my gesture of gratitude to my childhood friends, Dr.
Hesham Alhazmi, Dr. Ehab Mously, and Faris Almutraf. I couldn’t wish for better
friends than you. Thank you all for your continuous support, help, patience,
positiveness, and advice that were more invaluable than you could ever imagine.
Of course, my special appreciation is extended to my most incredible friends in
Saudi Arabia, Dr. Hassan Shawli, Dr. Mohammad Sarhan, Dr. Hathal Alboghami, Dr.
Mohammad Flemban, Dr. Jihad Arif, and Dr. Ahmad Bokhari. Thank you all for always
being supportive, patient, and ready to help whenever I need you. Also, special gratitude
to all my colleagues from Jeddah city, Dr. Rajah Alsharif, Dr. Thamer Alzahrani, Dr.

vii

Waleed Bogsha, Dr. Maher Mira, and all my colleagues from KAU. I couldn’t hope for
better colleagues than you. Thank you all for your constant support.
I would like to thank Dr. Antonellou and Dr.Ala Ali, all faculty, colleagues, and
friends from Tufts University, for being a significant influencer in my postgraduate
study. Thank you all for your continuous encouragement and motivation. I will always
be thankful for you.
Finally, I would like to thank my beloved country, the Kingdom of Saudi
Arabia, the Ministry of Education, and Umm AlQura University for their financial
support during my education and for giving me the opportunity to study at the
University of Maryland, Baltimore.

viii

TABLE OF CONTENTS
DEDICATION ............................................................................................................. iii
ACKNOWLEDGEMENTS ........................................................................................... v
LIST OF TABLES ...................................................................................................... xiv
LIST OF FIGURES ..................................................................................................... xv
LIST OF ABBREVIATIONS ....................................................................................xvii
CHAPTER ONE: INTRODUCTION ............................................................................ 1
1.1.

Background ........................................................................................................ 1

1.2.

Formulation of resin cement .............................................................................. 2

1.3.

Significance........................................................................................................ 2

1.4.

Current Treatment Modalities and Their Limitations ........................................ 4

1.5.

Specific Aims ................................................................................................... 10

1.6.

Central Hypothesis ........................................................................................... 10

CHAPTER TWO ......................................................................................................... 12
Novel Crown Cement Containing Antibacterial Monomer and Calcium Phosphate
Nanoparticles ............................................................................................................... 12
Chapter abstract ........................................................................................................... 12
2.1. Introduction ........................................................................................................... 13
2.2. Materials and Methods .......................................................................................... 17

ix

2.2.1. Experimental Design .................................................................................. 17
2.2.2. Synthesis of DMAHDM Monomer and NACP Fillers .............................. 20
2.2.3. Characterization of NACP ......................................................................... 21
2.2.4. Dentin Shear Bond Strength Testing: ........................................................ 21
2.2.5. Flexural Strength and Elastic Modulus:..................................................... 22
2.2.6. Film Thickness:.......................................................................................... 23
2.2.7. Measurement of Initial Calcium and Phosphate Ions Release: .................. 23
2.2.8. S. mutans Biofilm Model ........................................................................... 24
2.2.8.1. Sample Preparation ................................................................................. 24
2.2.8.2. S. mutans Biofilm Formation.................................................................. 24
2.2.8.3. Colony-Forming Unit Counts ................................................................. 25
2.2.8.4. Live/Dead Staining of Biofilms .............................................................. 25
2.2.8.5. MTT Assay for Quantification of Metabolic Activity of Biofilms......... 25
2.2.9. Statistical Analysis ..................................................................................... 26
2.4. Results ................................................................................................................... 26
2.3.1. Characterization of NACP ......................................................................... 26
2.3.2. Dentin Shear Bond Strength ...................................................................... 27
2.3.3. Flexural Strength........................................................................................ 28
2.3.4. Film Thickness ........................................................................................... 31
2.3.5. Initial Calcium and Phosphate Ions Release .............................................. 32
2.3.6.1. Colony-Forming Unit Counts of S. mutans Biofilm............................... 34
2.3.6.2. MTT Assay of Metabolic Activity of S. mutans Biofilms...................... 35
2.3.6.3. Live/Dead Staining of S. mutans Biofilms ............................................. 36
2.5. Discussion ............................................................................................................. 37
CHAPTER THREE: .................................................................................................... 45
Novel Rechargeable Nanostructured Calcium Phosphate Crown Cement with LongTerm Ion Release and Antibacterial Activity to Suppress Saliva Microcosm Biofilms
...................................................................................................................................... 45
Chapter abstract ........................................................................................................... 45
3.1. Introduction ........................................................................................................... 47
3.2. Materials and Methods .......................................................................................... 52

x

3.2.1. Experimental Design .................................................................................. 52
3.2.2. Synthesis of DMAHDM Monomer and NACP Fillers .............................. 54
3.2.3. Measurement of Initial Calcium and Phosphate Ions Release: .................. 56
3.2.4 Measurement of Calcium and Phosphate Ions Recharge and Re-Release .. 57
3.2.5. Human Saliva-Based Microcosm Biofilm Model...................................... 58
3.2.5.1. Sample Preparation for Biofilm Tests..................................................... 58
3.2.5.2. Saliva Collection and Dental Plaque Microcosm Biofilm Model .......... 58
3.2.5.3. Biofilm Colony Forming Units (CFU) Counts ....................................... 59
3.2.5.4. Live/dead Staining of Biofilms ............................................................... 60
3.2.5.5. MTT Assay for Quantification of Metabolic Activity of Biofilms......... 60
3.2.5.6. Lactic Acid Production ........................................................................... 61
3.2.5.7. Minimum Inhibitory Concentration ........................................................ 61
3.2.6 Statistical Analysis ...................................................................................... 63
3.4. Results ................................................................................................................... 63
3.4.1. Initial Calcium and Phosphate Ions Release: ............................................. 63
3.4.2 Calcium and Phosphate Ions Recharge and Re-Release ............................. 64
3.4.3. Colony-Forming Unit Counts of Human Saliva-Based Microcosm Biofilm
Model ................................................................................................................... 67
3.4.4. MTT Assay of Metabolic Activity. ............................................................ 70
3.4.5. Lactic acid production by biofilms ............................................................ 71
3.4.6. Live/Dead Staining of Multi-Species Biofilms.......................................... 72
3.4.7. Minimum Inhibitory Concentration ........................................................... 74
3.5. Discussion ............................................................................................................. 75
CHAPTER FOUR........................................................................................................ 84
Novel Rechargeable Nano-Calcium Phosphate and Nano-Calcium Fluoride Resin
Cements........................................................................................................................ 84
Chapter abstract ........................................................................................................... 84
4.1. Introduction ........................................................................................................... 86
4.2. Materials and Methods .......................................................................................... 90
4.2.1. Experimental Design .................................................................................. 90
4.2.2. Synthesis of DMAHDM Monomer, NACP and nCaF2, Fillers ................. 92

xi

4.2.3. Dentin Shear Bond Strength Testing ......................................................... 92
4.2.4. Flexural Strength and Elastic Modulus ...................................................... 93
4.2.5. Film Thickness ........................................................................................... 93
4.2.6. Measurement of Initial Calcium, Phosphate and fluoride Ions Release .... 94
4.2.7. Measurement of Calcium, Phosphate and fluoride Ions Recharge and ReRelease ................................................................................................................. 95
4.2.8. Statistical Analysis ..................................................................................... 96
4.3. Results ................................................................................................................... 96
4.3.1. Dentin Shear Bond Strength ...................................................................... 96
4.3.2. Flexural Strength and Elastic Modulus ...................................................... 97
4.3.3. Film Thickness ......................................................................................... 100
4.3.4. Initial Calcium, Phosphate, and Fluoride Ions Release ........................... 101
4.3.5 Calcium, Phosphate, and Fluoride Ions Recharge and Re-Release .......... 103
4.5. Discussion ........................................................................................................... 107
CHAPTER FIVE ....................................................................................................... 113
Novel Antibacterial Low Shrinkage Stress Resin-Based Cement ............................. 113
Chapter abstract ......................................................................................................... 113
5.1. Introduction ......................................................................................................... 115
5.2. Materials and Methods ........................................................................................ 120
5.2.1. Experimental Design ................................................................................ 120
5.2.2. Synthesis of DMAHDM Monomer ......................................................... 123
5.2.3. Dentin Shear Bond Strength Testing ....................................................... 123
5.2.4. Flexural Strength and Elastic Modulus .................................................... 124
5.2.5. Film Thickness ......................................................................................... 124
5.2.6. Polymerization shrinkage stress and degree of conversion ..................... 125
5.2.7. Streptococcus mutans (S. mutans) Biofilm Model .................................. 126
5.2.7.1. Sample Preparation ............................................................................... 126
5.2.7.2. S. mutans Biofilm Formation................................................................ 126
5.2.7.3. Colony-Forming Unit Counts ............................................................... 127
5.2.7.4. Live/dead Staining of Biofilms ............................................................. 127
5.2.7.5. Scanning Electron Microscopy (SEM) of Biofilms .............................. 127
5.2.7.6. MTT Assay for Quantification of Metabolic Activity of Biofilms....... 128

xii

5.2.7.7. Lactic acid production by biofilms ....................................................... 128
5.2.8. Statistical Analysis ................................................................................... 129
5.3. Results ................................................................................................................. 129
5.3.1. Dentin Shear Bond Strength .................................................................... 129
5.3.2. Flexural Strength and elastic modulus ..................................................... 130
5.3.3. Film Thickness ......................................................................................... 133
5.3.4. Polymerization shrinkage stress and degree of conversion ..................... 134
5.3.5. Colony-Forming Unit (CFU) Counts of S. mutans Biofilm .................... 136
5.3.6. Live/Dead Staining of Multi-Species Biofilms........................................ 137
5.2.7. Scanning Electron Microscopy (SEM) of Biofilms ................................. 138
5.3.8. MTT Assay of Metabolic Activity of S. mutans Biofilms....................... 140
5.3.9. Lactic acid production of S. mutans Biofilms ......................................... 141
5.4. Discussion ........................................................................................................... 142
CHAPTER SIX .......................................................................................................... 150
CONCLUSION AND FUTURE WORK .................................................................. 150
REFERENCES .......................................................................................................... 154

xiii

LIST OF TABLES
Table 2.1: Chemical composition of RelyX luting cement. ........................................ 19
Table 2.2: Chemical composition of PEHB monomers with 0 % DMAHDM. .......... 19
Table 2.3. Chemical composition of PEHB monomers with 3% DMAHDM. ........... 19
Table 2.4: Chemical composition of PEHB monomers with 4% DMAHDM. ........... 20
Table 2.5: Chemical composition of PEHB monomers with 5% DMAHDM. ........... 20
Table 3.1: Chemical composition of RelyX luting cement. ........................................ 54
Table 3.2: Chemical composition of PEHB monomers with 0 % DMAHDM. .......... 54
Table 3.3: Chemical composition of PEHB monomers with 3% DMAHDM. ........... 54
Table 3.4: Chemical composition of PEHB monomers with 4% DMAHDM. ........... 55
Table 3.5: Chemical composition of PEHB monomers with 5% DMAHDM. ........... 55
Table 3.6: MIC values of antibacterial agents and resins against salivary biofilm .... 75
Table 4.1: PEHB monomers chemical composition. .................................................. 91
Table 4.2: RelyX luting cement (Commercial control) chemical composition. ......... 91
Table 5.1: RelyX Ultimate cement composition. ...................................................... 121
Table 5.2: UV monomers chemical composition with 0% DMAHDM ................... 122
Table 5.3: UV monomers chemical composition with 3% DMAHDM ................... 122
Table 5.4: UV monomers chemical composition with 5% DMAHDM ................... 122
Table 5.5: ScotchBond universal adhesive composition. ......................................... 123

xiv

LIST OF FIGURES
Figure 2.1: TEM of nano-sized amorphous calcium phosphate (NACP) . ................. 27
Figure 2.2: Dentin shear bond strengths. .................................................................... 28
Figure 2.3: (A) Flexural strength, and (B) Elastic modulus. ...................................... 30
Figure 2.4: Cement film thickness .............................................................................. 32
Figure 2.5: Initial ion release from the virgin cement samples .................................. 33
Figure 2.6: Colony-forming unit (CFU) counts for 2-day biofilms ............................ 35
Figure 2.7: Metabolic activity for 2-day S. mutans biofilms ...................................... 36
Figure 2.8: Demonstrative live/dead staining images ................................................. 37
Figure 2.9: The antibacterial mechanism of DMAHDM ............................................ 39
Figure 3.1: Initial ion release from the virgin cement samples .................................. 64
Figure 3.2: Ca and P ion recharge and re-release. ...................................................... 65
Figure 3.3: Ca and P ion re-release concentrations at the last day ............................. 66
Figure 3.4: Colony-forming unit (CFU) counts for 2-day biofilms on resin cement
disks (mean ± sd; n=6). (A) total microorganisms, (B) total streptococci, and (C)
total Lactobacilli (D) mutans streptococci. .......................................................... 69
Figure 3.5: Metabolic activity for 2-day biofilms on resin cement ............................ 71
Figure 3.6: Lactic acid production 2-day biofilms ..................................................... 72
Figure 3.7: Illustrative live/dead staining pictures of 2-day biofilms ......................... 73
Figure 4.1: Dentin shear bond strengths ..................................................................... 97
Figure 4.2: (A) Flexural strength, and (B) Elastic modulus ....................................... 99
Figure 4.3: Cement film thickness .......................................................................... 100
Figure 4.4: The initial calcium, phosphate, and fluoride ion released ...................... 102
Figure 4.5: Calcium, phosphate, and fluoride ion recharge and re-release .............. 105
Figure 4.6: Ca and P ion re-release concentrations at the last day. .......................... 106
Figure 5.1: Dentin shear bond strengths ................................................................... 130
Figure 5.2: Mechanical properties of cement ........................................................... 132

xv

Figure 5.3: Cement film thickness. ........................................................................... 133
Figure 5.4: The development of the degree of conversion (A) and shrinkage stress (B)
during polymerization ........................................................................................ 135
Figure 5.5: Colony-forming unit (CFU) counts for 48 h .......................................... 136
Figure 5.6: Descriptive live/dead staining images .................................................... 137
Figure 5.7: Scanning Electron Microscopy (SEM) ................................................. 139
Figure 5.8. Metabolic activity for 48 h S. mutans biofilms ...................................... 140
Figure 5.9: Lactic acid production ............................................................................ 141

xvi

LIST OF ABBREVIATIONS
ANOVA

Analyses of variance

BHD

1-bromohexadecane

BT

BisGMA:TEGDMA resin

BTM

BisGMA:TEGDMA:BisMEP resin

BisGMA

Bisphenol A diglycidyl methacrylate

BPW

Buffered-peptone water

Ca

Calcium

CaCl2

Calcium chloride

CaF2

Calcium fluoride

CaP

Calcium phosphate

Ca5(PO4)3F

Fluorapatite

CC

Commercial control

CFU

Colony-forming units

CHX

Chlorhexidine diacetate

CL

Chain length

CO2

Carbon dioxide

CPW

Cysteine peptone water

CQ

Camphorquinone

DC

Degree of conversion

xvii

DMAHDM

Dimethylaminohexadecyl methacrylate

DMAEMA

2-(dimethylamino) ethyl methacrylate

DMSO

Dimethyl sulfoxide

EBPADMA

Ethoxylated bisphenol A dimethacrylate

EC

Experimental control

F

Fluoride

FAP

Fluorapatite

FAS

Fluoroaluminosilicate glass

FT-IR

Fourier-transform infrared spectroscopy

GIs

Glass ionomers

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

H2 O

Water

IR

Infrared

IRB

Institutional review board

ISO

International organization for standardization

KBr

Potassium bromide

KOH

Potassium hydroxide

MDPB

12-methacryloyloxydodecylpyridinium bromide

MIC

Minimum inhibitory concentration

MPC

2-methacryloyloxyethyl phosphorylcholine

xviii

MSA

Mitis salivarius agar

MSB

Mitis salivarius agar + bacitracin

MTT

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide

NaCl

Sodium chloride

NACP

Nanoparticles of amorphous calcium phosphate

nCaF2

Nano particles of calcium fluoride

NH4F

Ammonium fluoride

PBS

Phosphate buffered saline

PE

PMGDM: EBPADMA resin

PMGDM

Pyromellitic glycerol dimethacrylate

QAMs

Quaternary ammonium methacrylates

RMGIs

Resin modified glass ionomers

SEM

Scanning electron microscopy

S mutans

Streptococcus mutans

TEGDMA

Triethylene glycol dimethacrylate

TEG-DVBE

Triethylene glycol divinylbenzyl ether

TEM

Transmission electron microscopy

TISAB

Total ionic strength adjustment buffer

TSA

Tryptic soy agar

TSBA

Tryptic soy blood agar

xix

UDMA

Urethane dimethacrylate

UV

TEGDMA: TEG-DVBE resin

VBCP

Vitrebond™ Copolymer

4EDMAB

ethyl 4-N, N-diethylaminobenzoate

xx

CHAPTER ONE: INTRODUCTION
1.1. Background
Currently, more than 170 million individuals in the United States are missing
one or more teeth. Over the next 20 years, this number is anticipated to increase due to
aging [1]. Healthy oral environment is an essential part of the quality of life as the loss
of teeth leads to loss of proper oral environment function, which could affect systematic
health by reducing the ability to eat adequate nutrition. Furthermore, loss of teeth could
also compromise esthetics outcomes which could negatively affect social life [2]. Fixed
dental restorations such as crowns, bridges, onlays, inlays, and veneers restore both
function and esthetics of a healthy oral cavity [3]. Cementation between fixed dental
restoration and tooth structure is an essential clinical step to ensure the longevity and
long term success of such treatment [4].
In clinical practice, fixed dental restoration cementation can be performed
utilizing adhesive or non-adhesive cement. Non-adhesive cementation involves using a
luting agent which hardens to fill the space between the restoration and tooth structure.
On the other hand, adhesive cementation involves the use of adhesive resin-based
cement, which promotes bonding or attachment between restoration and tooth structure
[5]. Commonly used resin base cement has compositions similar to conventional
composites containing an inorganic filler mixed in low viscosity monomers formulated

1

from bisphenol A- glycidyl methacrylate (BisGMA), triethylene glycol dimethacrylate
(TEGDMA), or urethane dimethacrylate (UDMA) [5].
1.2. Formulation of resin cement
Resin-based cement consists primarily of three components. These components
are an inorganic filler, a resin matrix, and a coupling agent, which binds the inorganic
filler to the resin matrix [6]. Resin cement can be light-cured, chemical-cured, or dualcured [5]. In light cure resin cement, the light activation system consists of a tertiary
amine such as ethyl 4-N, N- diethylaminobenzoate (4E), and photoinitiator such as
camphoroquinone (CQ). In dual-cure resin-based cement, an oxidant such as cumene
hydroperoxide (CHP) is added in one part of the formulation, and a reducing agent such
as benzoyl thiourea is added in the other part [6]. Photoinitiators are mixed with one or
both cement parts to induce light cure activation. In this system, when the two parts are
mixed and light-cured, free radicals are formed both by photo and chemical activation.
In sites where light cannot reach adequately, the free radicals formed by chemical
activation would compensate for the lack of those that result from photoactivation.
1.3. Significance
The formation of secondary caries at a tooth-restoration junction (margin) is one
of the most critical complications affecting the long-term success of the fixed
restoration. In most clinical circumstances, secondary caries at the margin of fixed
dental restorations lead to restoration removal and replacement, impacting both the
individual patient and the community caries level and affecting oral healthcare's cost-
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effectiveness and cost-benefit. Achieving an excellent marginal adaptation is essential
to enhancing the survivability of tooth restorations [7]. Marginal discrepancy or
restoration misfit creates a marginal gap that can expose dental cement to the oral fluid,
which then can increase microleakage and cement degradation [8]. As a result, bacterial
penetration at the tooth-cement interface and food debris build up around the margins
could be facilitated, which may change the balance of gingival flora and lead to the
initiation of secondary caries and periodontal disease [9,10]. It is challenging to specify
an ideal range for the marginal gap. Nevertheless, there is a likely association between
the extent of bacterial biofilm penetration and gap size, which may accordingly boost
the chance for the formation of secondary caries [11]. Nevertheless, other risk factors
such as the restoration location in the oral cavity, subgingival location of the margin,
or other host-related factors such as systematic disease may increase the chance of
secondary caries, even when the marginal gap is clinically acceptable. Indeed,
secondary caries was the most reported reason for restoration failure and replacement
[11–13]. A previous investigation found that more than 37% of all indirect restoration
replacements and failures were due to secondary caries [14]. While there is no clear
conclusion of whether different types of fixed dental restoration have different infected
dentin patterns [15,16], it seems that infected dentin that develops from primary and
secondary caries has similar microbial profiles, including mainly anaerobic
Streptococcus mutans (S. mutans) and Lactobacilli [17].
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Saliva has multiple immune characteristics that reveal a crucial role against oral
microorganisms. The importance of saliva in dental caries prevention is clearly
demonstrated in xerostomia patients, who can develop significantly higher caries
lesions per year than healthy patients [18]. Caries commonly affects areas with low
salivary exposure in healthy patients, such as pit and fissure sites adjacent to
orthodontic or other appliances. Caries also is more frequent on facial sites than on
lingual sites due to higher salivary exposure lingually [19].
Saliva quality and quantity could also change an individual's risk for caries
formation by causing buffering and washing capabilities. Salivary secretion can balance
the pH and mechanically cleanse the teeth in the oral cavity [20,21]. Nevertheless,
secondary caries may form in the presence of a cariogenic biofilm, despite patientrelated factors and the various qualities of different types of restoration [11]. The
current commercially available resin-based cement does not address the different
challenges of developing secondary caries at the margins of dental restorations [22].
Accordingly, there is an increased need to develop a new generation of bio-interactive
dental cement that has the ability to prevent tooth demineralization and enhance
remineralization.
1.4. Current Treatment Modalities and Their Limitations
Contemporary dental cement's antibacterial properties have been investigated
broadly, and it has been proposed that the fluoride release or the low initial pH of the
cement could result in the antibacterial outcome. However, fluoride-releasing dental
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cement has a short-lasting effect and limited ability to recharge/re-release; therefore,
the long-term success of fluoride-releasing dental cement is questionable. Additionally,
the low initial pH of dental cement could initiate pulpal irritation as acid penetration
through dentinal tubules could damage pulpal tissue. [47]. Additionally, the long-term
success of fluoride-releasing dental cements is debatable due to their short-lasting effect
and limited ability to re-release/recharge [23].
Resin-based materials containing calcium phosphate (CaP) filler particles
demonstrated a practical approach for tooth hard tissue regeneration and prevention of
secondary caries [24–26]. Ca and P ions were successfully released by resin-based
materials containing CaP particles. They can enhance tooth regeneration and inhibit
mineral loss by acting as Ca and P ion reservoirs, which can be released during an acidic
challenge [27,28]. Nevertheless, conventional resin-based material containing
conventional CaP had relatively insufficient mechanical properties with CaP particle
sizes of 1 to 55 μm [27,28]. Moreover, they have limited release Ca and P ions lasted
for a short time [29]. Nanoparticles of amorphous calcium phosphate (NACP) have
been developed with a mean particle size of 116 nm [30]. NACP could provide a longterm release of Ca and P ions which could improve the precipitation and deposition of
minerals into demineralized enamel and dentine [31]. Moreover, previous reports
demonstrated that the local pH and bacterial acids could be neutralized by NACP [32–
34]. Furthermore, the addition of NACP into resin-based materials provide an improved
Ca and P ions release with enhanced mechanical properties compared to conventional
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CaP resin-based materials due to a relatively increased surface area of 17.76 m2/g
related to the conventional CaP with a 0.5 m2/g surface area [24,27]. In a previous
human in situ analysis, commercial fluoride-releasing resin-based materials showed
four times lower minerals regeneration in tooth structure compared to resin-based
materials with NACP [32]. In another study, tooth minerals lost next to resin-based
materials with NACP were three times lower than those without NACP [36].
Nevertheless, those studies did not report any recharging features of these materials,
which lead to a limited term of ions release [27].
Another promising approach to enhance the long-term success of fixed dental
restoration is to use quaternary ammonium methacrylates (QAMs) [37]. QAMs could
interact with the negatively charged bacterial cell membrane by its positively charged
quaternary amine, N+, leading to bacterial cell disruption and cytoplasmic leakage due
to electrical imbalance [38]. Previous studies have shown that the use of the QAM
dimethylaminododecyl methacrylate monomer (DMAHDM) with a chain length of 16
is a long-lasting, highly effective antibacterial monomer against various oral cavity
biofilm [39,40]. DMAHDM is a contact-killing monomer that has the ability to be
copolymerized with resin matrices [41]. For short-chained QAMs, the antimicrobial
outcome depends only on the positively charged ammonium N+. On the other hand,
long-chained QAMs could have double-killing properties: (1) the positively charged
quaternary amine N+; and (2) the increased hydrophobicity when the alkyl chain length
increases, thereby enhancing its ability to penetrate the hydrophobic bacterial cell
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membrane [39]. DMAHDM with chain length 16 may be the critical point for the alkyl
chain to extend without reducing the antibacterial effect [42]. An additional increase in
the chain length may decrease the antibacterial efficiency of the positively charged
quaternary ammonium groups; too long chain length may bend to form barriers between
bacteria and positively charged quaternary amine N+ [39].
Another method to prevent secondary caries and to decrease tooth
demineralization and enhance remineralization is the incorporation of calcium fluoride
(CaF2) nanoparticles into resin-based materials [43]. Unfortunately, current restorative
materials with high fluoride release generally have a short-term fluoride release with
low potential of fluoride-rechargeability or exhibited poor mechanical properties
[44,45]. Resin-based materials with CaF2 nanoparticles (nCaF2) is an appropriate
method to overcome this limitation. In 2010, Xu et al. showed that adding nCaF2 into
resin-based materials exhibit high fluoride release with maintains appropriate
mechanical properties [43]. Cumulative fluoride release of resin-based materials
containing 20–30% CaF2 nanoparticles match the fluoride release rates of resinmodified and traditional glass ionomer materials [46]. This outcome attributed to the
small particle size and the high surface area of the nCaF2 [43]. A recent study
incorporated a nCaF2 into a rechargeable resin monomer to solve the short-term ionrelease from resin-based dental materials. As a result, they developed a resin-based
cement with a high level of fluoride release and excellent ability to recharge and rerelease fluoride ions [47]. In another study, NACP was incorporated in a rechargeable
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resin monomer provides significant rechargeable Ca and P ion release, recharge and rerelease with no decrease in ions release with increasing the number of recharge/rerelease cycles [48]. PEHB resin monomers have shown an excellent ion recharging
capability. PEHB contains pyromellitic glycerol dimethacrylate (PMGDM), which is
an acidic monomer and has the capability to chelate with Ca ions from the recharging
media. The structures of PEHB monomers provided proper mechanical properties
through the cross-linkage and bonding properties of BisGMA and improved flow and
hydrophilicity of the composition through the addition of ethoxylated bisphenol-Adimethacrylate (EBPADMA) and hydroxyethyl methacrylate (HEMA) [49,50]. In
comparison with other monomers, PEHB showed the highest ions-recharging capacities
[49].
Recently, a unique low-shrinkage-stress monomer was formulated using a
combination of UDMA and triethylene glycol divinylbenzyl ether (TEG-DVBE)
[51,52]. UDMA is a high molecular weight monomer with a higher ability to resist
components leaching and create more crosslinking than BisGMA due to its low reactive
group concentration available for polymerization [53,54]. These characteristics could
significantly enhance the strength and conversion of the resin-based material without
increasing the polymerization shrinkage stress [51]. On the other hand, TEG-DVBE is
a low viscosity ether-based monomer with the ability to resist hydrolytic challenges and
used as a diluent monomer in this system [51]. This combination of UDMA and TEGDVBE (UV resin) has a slow polymerization rate, resulting in a delayed gel point. The
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longer time taken by the UDMA/TEG-DVBE system to polymerize and reach rigidity
allowed lower contraction stress accumulation at the resin interface and higher stress
relaxation [51]. The UV resin has a hydrophobic flexible structure with a high degree
of conversion, which significantly withstands enzymatic and hydrolytic degradation,
lowers water sorption, and reduces volumetric polymerization [53,55]. Therefore, the
development of low shrinkage stress resin-based cement could be beneficial to create a
cement with lower stress at the tooth- restoration interface, which could help to enhance
the longevity of the fixed dental restoration by reducing recurrent caries, postoperative
sensitivity, and interfacial debonding [56,57].
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1.5. Specific Aims
Specific Aim 1: To develop a novel resin-based cement with potent, long-term
antibacterial properties, and remineralization capabilities through the incorporation of
DMAHDM and NACP without adversely affecting the other needed mechanical
properties of the cement.

Specific Aim 2: To investigate the rechargeability of DMAHDM-NACP resin cement
and to inspect the antibacterial response using more clinically relevant cariogenic
biofilm model derived from multi-species biofilm cultured from human saliva.

Specific Aim 3: To develop a novel rechargeable NACP-nCaF2 resin cement and
investigate Ca, P and F release without adversely affecting the other needed mechanical
properties of the cement.

Specific Aim 4: To develop a novel low-shrinkage-stress resin cement with potent,
long-term antibacterial properties with maintaining strong mechanical properties of the
cement.
1.6. Central Hypothesis
Incorporations of DMAHDM, NACP, and nCaF2 into the novel fixed dental restoration
resin cement would produce potent and long-lasting anti-bacterial and remineralizing
properties throughout the contact-killing mechanism provided by DMAHDM and the
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remineralization capabilities of the NACP and nCaF2 fillers without adversely affecting
the mechanical properties of the resin-based cement.
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CHAPTER TWO
Novel Crown Cement Containing Antibacterial Monomer and
Calcium Phosphate Nanoparticles1

Chapter Abstract
Oral biofilm accumulation at the tooth-restoration interface often leads to recurrent
dental caries and restoration failure. The objectives of this study were to: (1) develop a
novel bioactive crown cement containing dimethylaminohexadecyl methacrylate
(DMAHDM) and nano-sized amorphous calcium phosphate (NACP), and (2)
investigate the mechanical properties, anti-biofilm activity, and calcium (Ca) and
phosphate (P) ion release of the crown cement for the first time. The cement matrix
consisted of pyromellitic glycerol dimethacrylate and ethoxylated bisphenol-A
dimethacrylate monomers and was denoted PEHB resin matrix. The following cements
were tested: (1) RelyX luting cement (commercial control); (2) 55% PEHB + 45% glass
fillers (experimental control); (3) 55% PEHB + 20% glass + 25% NACP + 0 %
DMAHDM; (4) 52% PEHB + 20% glass + 25% NACP + 3% DMAHDM; (5) 51%
PEHB + 20% glass + 25% NACP + 4 % DMAHDM; (6) 50% PEHB + 20% glass +
25% NACP + 5 % DMAHDM. Mechanical properties and ion release were measured.
1

AlSahafi R, Balhaddad AA, Mitwalli H, et al. Novel Crown Cement Containing Antibacterial

Monomer and Calcium Phosphate Nanoparticles. Nanomaterials (Basel). 2020;10(10):2001. Published
2020 Oct 11. doi:10.3390/nano10102001.
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Streptococcus mutans (S. mutans) biofilms were grown on cements, and colonyforming units (CFUs) and other biofilm properties were measured. The novel bioactive
cement demonstrated strong antibacterial properties and high levels of Ca and P ion
release to remineralize tooth lesions. Adding NACP and DMAHDM into the cement
did not adversely affect the mechanical properties and dentin bonding strength. In
conclusion, the novel NACP+DMAHDM crown cement has excellent potential for
restoration cementation to inhibit caries by suppressing oral biofilm growth and
increasing remineralization via Ca and P ions. The NACP+DMAHDM composition
may have wide applicability to other biomaterials to promote hard-tissue formation and
combat bacterial infection.

2.1. Introduction
Dental Secondary caries at the margins of fixed dental restorations have been
reported as the most common cause of failure in such treatment [58]. In most clinical
events, secondary caries at crown margins leads to interventional approaches involving
crown removal and replacement, which affect the cost-effectiveness and cost benefit of
oral healthcare, with an impact on both the individual patient as well as on the
community caries level [59]. The tooth-restoration interface is a critical area for
secondary caries. The tooth-restoration interface is a complex environment with a
dynamic equilibrium in substances and minerals present in saliva and hard tooth tissues.
When the equilibrium shifts to an acidic environment, the tooth structure will start to
demineralize in a way similar to primary caries [11]. Characteristics that increase the
accumulation of food debris or limit its cleaning can be considered as potential risk
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factors for secondary caries, which is likely why secondary caries mainly occurs at the
tooth-restoration interface [60].
Secondary caries at the margins of dental restorations is one of the most
critical aspects affecting the survivability of the restorations. Creating an ideal marginal
adaptation of the crown restoration is currently a significant challenge [61]. Restoration
marginal discrepancy may expose dental cement to the oral environment, thus
increasing the risk of demineralization attack [62]. Additionally, the marginal gap
increases the potential for food accumulation around the crown restoration and limits
the cleaning ability. This challenge makes it easier for the bacteria to penetrate the
tooth-cement interface and for plaque to build up around the restoration margin, which
changes the equilibrium of oral environment and leads to the initiation of secondary
caries. However, even when the marginal gap is clinically acceptable, other risk factors
such as the subgingival location of the margins or other host-related factors may
increase the risk of secondary caries. Indeed, secondary caries was the most common
reason for restoration failure and replacement [11–13]. For example, a study found that
38% of all crown failures and replacements were due to secondary caries [14]. While
there is no clear understanding of whether different restoration types have different
infected dentin forms [15,16], it appears that infected dentin that originates from
primary and secondary caries have comparable microbial profiles, including mainly
anaerobic Streptococcus mutans (S. mutans) and Lactobacilli [17].
Saliva has numerous immune factors that demonstrate an important function
against oral microorganisms. Saliva quantity and quality could also modify an
individual’s risk for secondary caries by inducing buffering and washing capacities.
Salivary fluid can neutralize the pH and mechanically clean the teeth in the oral
environment. Patients diagnosed with xerostomia are associated with a higher risk for
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secondary caries and to all forms of dental caries [20,21]. However, secondary caries
may develop in the presence of a cariogenic biofilm, despite patient-related factors and
the various qualities and types of dental restorations [11]. Consequently, designing a
crown cement containing an antibacterial monomer and calcium phosphate
nanoparticles to reduce caries and to regenerate tooth minerals would be useful to
overcome this clinical issue.
Dental cement acts as the connection between the tooth structure and the crown
material. The ideal dental cement should be biocompatible and antibacterial, and have
a low film thickness, low viscosity, minimal solubility, sufficient working time, and no
microleakage. In addition, it should have comparable strength and stiffness to dentin
[61,62].
From a clinical point of view, nanoparticles of amorphous calcium phosphate
(NACP) may present the advantage of reducing the initial formation of secondary caries
by providing long-lasting release of calcium (Ca) and phosphate (P) ions. NACP
enhances the precipitation and deposition of minerals into tooth structures [31].
Additionally, bacterial acids and the local pH can be neutralized by NACP [32–34].
NACP is a non-crystalline structure with a relatively high surface area of 17.76 m2/g
compared to the conventional CaP with a 0.5 m2/g surface area [31]. Resin-based
materials with NACP release Ca and P ions similar to conventional CaP resin-based
materials with improved mechanical properties [30,33]. The addition of NACP is a
practical method to provide the oral environment with a continuous release of calcium
and phosphate ions triggered only by pH drop. In human in situ analysis, resin-based
materials with NACP showed four times minerals regeneration in tooth structure
compared to commercial fluoride-releasing resin-based materials [32]. In another
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investigation, tooth demineralization adjacent to resin-based materials without NACP
was three times higher compared to resin-based materials containing NACP [36].
Another approach to reduce biofilm formation at the tooth-restoration interface
is by the use of contact-killing monomers, such as quaternary ammonium methacrylates
(QAMs), within the resin matrix of resin-based materials [37]. The positively charged
quaternary amine N+ of QAMs can disrupt the bacterial membrane, change the essential
ions balance (i.e., Na+, K+, Mg2+, and Mg2+ Ca2+,) and cause cytoplasmic leakage by
direct binding to the negatively charged bacterial cell membrane [38]. For short-chained
QAMs; the antimicrobial activity relies only on the positively charged ammonium
group. On the other hand, long-chained QAMs have double-killing properties: (1) the
positively charged quaternary amine N+; and (2) the increased hydrophobicity due to
the increased alkyl chain length of QAMs, which may enhance its ability to penetrate
the hydrophobic bacterial cell membrane [39,63]. DMAHDM, with an alkyl chain
length of 16, has been shown to have the most effective antibacterial properties. Further
increase to the chain length was shown to decrease the antibacterial efficiency of the
positively charged quaternary ammonium groups as too long chain lengths may bend
to form barriers between bacteria and positively charged quaternary amine N+ [39].
In recent studies, DMAHDM was incorporated into resin-based materials and
exhibited an excellent antimicrobial activity [48,64,65]. It has been reported that
DMAHDM is a positively charged monomer with the ability to work through direct
contact killing mechanisms by interacting with negatively charged bacterial cell
membranes causing bacterial cell disturbance and lysis [66,67]. DMAHDM and NACP
were incorporated into dental adhesives, pit and fissure sealants, and resin composites
in previous studies. They presented strong antibacterial outcomes with a high level of
Ca and P ion release [36,49,64,68]. Consequently, the incorporation of DMAHDM
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and NACP into a resin-based material could help to prevent dental caries through
DMAHDM contact-inhibition action and tooth remineralization through the release of
Ca and P ions into the tooth-restoration interface [64,69]. However, up to the present
time, there has been no reports on the incorporation of DMAHDM and NACP into a
resin-based crown cement to achieve strong, long-lasting antibacterial and Ca and P ion
release abilities.
The aim of this study was to produce a novel resin-based crown cement
containing DMAHDM and NACP. We hypothesize that the contact-killing mechanism
provided by DMAHDM and the remineralization capabilities of the NACP fillers
would provide a potential clinical approach to control the onset of secondary caries at
the tooth-restoration interface without adversely affecting the mechanical properties of
the resin-based cement.
2.2. Materials and Methods
2.2.1. Experimental Design
Novel dual cure crown cement was formulated using pyromellitic glycerol
dimethacrylate (PMGDM, Esstech, Essington, PA, USA), ethoxylated bisphenol-Adimethacrylate (EBPADMA, Sigma-Aldrich, St. Louis, MO, USA), hydroxyethyl
methacrylate (HEMA, Esstech, Essington, PA, USA), and bisphenol a glycidyl
dimethacrylate (BisGMA) (Esstech). Camphorquinone (CQ, Sigma-Aldrich) and ethyl
4-N,N-dimethylaminobenzoate (4E, Sigma-Aldrich) were added as photoinitiators.
Cumene hydroperoxide (CHP, Sigma-Aldrich) and benzoylthiourea (BTU, SigmaAldrich) were added as chemical initiator and accelerator, and 2,6-ditertbutyl-4methylphenol (BHT, Sigma-Aldrich) as a stabilizer. The formulated mix of monomers
was referred to as PEHB. Each experiment group has two pastes: paste A and paste B
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at a 1:1 mass ratio for details information see Tables 2.1, 2.2, 2.3 ,2.4 and 2.5 PEHB at
filler:matrix mass ratio of 45:55 was used. Then, the following resin cements were
tested:

1.

RelyX luting cement (3M, St Paul, MN, USA) (referred to as “Commercial
control”) (Table 2.1)

2.

55% PEHB + 45% glass fillers (referred to as “Experimental control”) (Table 2)

3.

55% PEHB + 20% glass fillers + 25% NACP + 0 % DMAHDM (referred to
as “Glass+NACP+0%DMAHDM”) (Table 2)

4.

52% PEHB + 20% glass fillers + 25% NACP + 3% DMAHDM (referred to as
Glass+NACP+3% DMAHDM”) (Table 2.3)

5.

51% PEHB + 20% glass fillers + 25% NACP + 4% DMAHDM (referred to as
Glass+NACP+4%DMAHDM”) (Table 2.4)

6.

50% PEHB + 20% glass fillers + 25% NACP + 5% DMAHDM (referred to as
Glass+NACP+5% DMAHDM”) (Table 2.5)

Different percentages of BisGMA were tested in the shear bond strength test as
follows:
•

Formula A contains 4.85% BisGMA

•

Formula B contains 5% BisGMA

•

Formula C contains 6% BisGMA
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Table 2.1 Chemical composition of RelyX luting cement.

Powder
Fluoroaluminosilicate (FAS) glass
Potassium persulfate
Ascorbic acid
Opacifying agent

Liquid
Methacrylated polycarboxylic acid
Water
HEMA
Tartaric acid

Table 1.2 Chemical composition of PEHB monomers with 0 % DMAHDM.
Part A
Chemical
Weight%
Cumene hydroperoxide (CHP)
2%
2,6-ditertbutyl-40.05%
methylphenol (BHT)
PMGDM
HEMA

Part B
Chemical
Benzoyl thiourea (BTU)

Weight%
1%

Camphorquinone (CQ)

0.4%

Ethyl-4-N,Ndimethylaminobenzoate (4E)
EBPADMA
BisGMA
HEMA

87.95%
10%

1.6%
77 %
10%
10%

Table 2.3. Chemical composition of PEHB monomers with 3% DMAHDM.
Part A
Chemical
Weight%
Cumene hydroperoxide (CHP)
2%
2,6-ditertbutyl-4-methylphenol
0.05%
(BHT)
PMGDM

81.5%

HEMA

16.45%

Part B
Chemical
Benzoyl thiourea (BTU)

Weight%
1%

Camphorquinone (CQ)

0.4%

Ethyl-4-N,Ndimethylaminobenzoate (4E)
EBPADMA
BisGMA
DMAHDM
HEMA

19

1.6%
70.55 %
12%
10.9%
3.55%

Table 2.4. Chemical composition of PEHB monomers with 4% DMAHDM.
Part A
Chemical
Weight%
Cumene hydroperoxide (CHP)
2%
2,6-ditertbutyl-4-methylphenol
0.05%
(BHT)
PMGDM

79.68%

HEMA
EBPADMA

14.72%
3.55%

Part B
Chemical
Benzoyl thiourea (BTU)

Weight%
1%

Camphorquinone (CQ)

0.4%

Ethyl-4-N,Ndimethylaminobenzoate (4E)
EBPADMA
BisGMA
DMAHDM
HEMA

1.6%
65.18 %
12%
14.54%
5.28%

Table 2.5. Chemical composition of PEHB monomers with 5% DMAHDM.
Part A
Chemical
Weight%
Cumene hydroperoxide (CHP)
2%
2,6-ditertbutyl-4-methylphenol
0.05%
(BHT)
PMGDM

77.95%

HEMA
EBPADMA

16.45%
3.55%

Part B
Chemical
Benzoyl thiourea (BTU)

Weight%
1%

Camphorquinone (CQ)

0.4%

Ethyl-4-N,Ndimethylaminobenzoate (4E)
EBPADMA
BisGMA
DMAHDM
HEMA

1.6%
63.45 %
12%
18%
3.55%

2.2.2. Synthesis of DMAHDM Monomer and NACP Fillers
A spray-drying technique was used to synthesize NACP. Calcium carbonate and
dicalcium phosphate anhydrous were dissolved in acetic acid to create calcium (Ca)
and phosphate (P) with concentrations of 8 mmol/L and 5.333 mmol/L,
correspondingly. The final molar ratio of Ca/P was 1.5 was sprayed into a high
temperature chamber of the spray-drying machine to vaporize the water and volatile
acid. Dry NACP was collected using an electrostatic precipitator. NACP with a mean
particle size of approximately 142 nm were the final product [30].
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A modified Menschutkin reaction was used to produce DMAHDM as explained
previously [70]. Briefly, 10 mmol of 1-bromohexadecane (TCI America, Portland, OR,
USA), 10 mmol of 2-(dimethylamino)ethyl methacrylate (Sigma-Aldrich), and 3 g of
ethanol were mixed in a 20 ml-scintillation vial. Stirring was done at 70 °C for 24 h.
Then, DMAHDM was collected after evaporating the solvent [71].
2.2.3. Characterization of NACP
Transmission electron microscopy (TEM, Tecnai T12, FEI, Hillsboro, OR, USA)
was used to evaluate nanoparticles' size. Nanoparticles were placed on a perforated
copper grid coated by a carbon film. The sample was ultrasonicated for 30 min in
acetone before deposition, to avoid particle agglomeration. Images were acquired using
AMT V600 software and particle sizes of individual particles were measured with the
same software.
2.2.4. Dentin Shear Bond Strength Testing:
Extracted human molars (n=10 for each group) were stored in 0.01% thymol
solution at 4 °C. Teeth were mounted vertically in an Ultradent mold (Ultradent
Products, South Jordan, UT, USA) using self-cure polyethyl methacrylate diethyl
phthalate (PMDP) acrylic resin (Esschem, Linwood, PA, USA). Teeth occlusal surfaces
were removed on a model trimmer until mid-coronal dentin, was revealed. Then, teeth
were polished to a final coarseness of 120-, 320- or 600-grit with silicon carbide (SiC)
abrasive paper. The dentin surface was etched with 37% phosphoric acid (ScotchBond
Etchant, 3 M, St. Paul, MN) for 15 s, then rinsed with water for 15 s. The primer
consisted of PMGDM and HEMA at a mass ratio 3.3/1, with 50% acetone solvent. The
primer was applied with a brush-tip applicator. After 20 s, an adhesive was applied
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which consisted of 44.5% PMGDM, 39.5% EBPADMA, 10% HEMA and 5%
BisGMA with % 0.8 4E and 0.2% CQ as a photoinitiators [72], then Ultradent insert
was used to build resin cement cylinders of 2.37 mm in diameter bonded on the test
surface. After 80 seconds from starting the cement mixing, the resin cement cylinders
were light-cured (Labolight, DUO, GC, Tokyo, Japan) for 60 seconds with a radiance
emittance of 1,200 mW/cm2. Samples were stored in distilled water for 24h. A
Universal Testing Machine (MTS Insight 1, Cary, NC, USA) was used with a load
applied at a crosshead speed of 0.5 mm/min until bond failure. Dentin shear bond
strength was calculated using the following equation = 4 P/(πd2), where P is the load
at failure, and d is the diameter of the composite [68].
2.2.5. Flexural Strength and Elastic Modulus:
Resin cement samples for flexural strength and elastic modulus tests were made
using 2 × 2 × 25 mm stainless steel molds. Cement paste A and past B were mixed
equally then placed into the mold which was covered with Mylar strips and glass slides
from both open sides of the mold. After 80 seconds from starting cement mixing, lightcuring unit (Labolight) with the radiance emittance of 1,200 mW/cm2 was used for two
minutes at each side. The samples were stored for 24 h at 37 °C. Then, the samples
were further stored in water for 24 h at 37°C.
Flexural strength and elastic modulus were calculated using three-point flexure
with a 10 mm span at a crosshead-speed of 1 mm/min on a computer-controlled
universal testing machine (MTS Insight 1) by the following equations:
𝐹𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑆) = 3𝑃𝐿/2𝑏ℎ!
Pmax = fracture load, L = the span, b = specimen width, and h = specimen thickness.
𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 (𝐸) = (𝑃/𝑑)(𝐿" /[4𝑏ℎ" ])
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The load P divided by displacement d is the slope in the linear elastic region [69].
2.2.6. Film Thickness:
Two optically flat square glass plates with a contact surface area of 200 ± 10 mm2
were used. Each glass plate has a uniform thickness of 5 mm. The combined thickness
of the two glass plates was measured (reading A). A portion of the resin cement was
placed onto the center of the lower plate, and the other glass plate was applied on the
cement. A load of 150 N was applied vertically and centrally to the cement sample via
the top plate for (180 ± 10) s [73]. Then, the thickness of the two glass plates and the
interposed film of cement was measured using a micrometer (reading B). The difference
between reading A and reading B was recorded to the nearest micrometer, as the
thickness of the resin cement [74].
2.2.7. Measurement of Initial Calcium and Phosphate Ions Release:
To simulate the cariogenic condition in the oral cavity, 133 mmol/ L of a sodium
chloride (NaCl) solution was buffered to pH 4 with 50 mmol/L lactic acid [30,75]. For
each experimental group, three specimens of approximately 2 × 2 × 12 mm were
immersed in 50 mL of solution to generate a specimen volume/solution of
approximately 2.9 mm3/mL. Six tubes for each group were kept in a 37 °C incubator
during the experiment. The Ca and P ion concentrations released from the specimens
were measured at 1, 3, 5, 7, 14, 21, 28, 35, and 42 days. At each specific time, 0.5 ml
of the solution was taken from each tube and replaced with fresh solution. The
incubating solutions pH was maintained and adjusted to pH 4 throughout the
experiment time. The collected solutions were analyzed for Ca and P concentrations
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using known standards and calibration curves via a spectrophotometric method
(SpectraMax M5, Molecular Devices LLC, San Jose, CA, USA) [49].
2.2.8. S. mutans Biofilm Model
2.2.8.1. Sample Preparation
Circular molds with a diameter of 8 mm and a thickness of 1 mm were used to
make cement disks. Each sample was light cured (1,200 mW/cm2; 60 s; Labolight
DUO, GC America, Alsip, IL, USA) on each surface and incubated in 37 °C incubator
for 24 h. Then samples were immersed and stirred at 100 rpm in distilled water for 1 h
to remove unreacted monomers [22]. Then, specimens were sterilized using ethylene
oxide (Anprolene AN74i, Andersen, Haw River, NC, USA). To assure the complete
release of entrapped ethylene oxide, samples were de-gassed for seven days [23].
2.2.8.2. S. mutans Biofilm Formation
S. mutans UA159 (ATCC, Manassas, VA, USA) was cultured overnight (16-18 h)
in brain heart infusion broth (BHI, Sigma-Aldrich) at 37 °C and 5% CO2. The resulting
bacterial suspension was adjusted to an optical density of 0.9 at 600 nm and diluted 20
folds in biofilm medium containing BHI broth supplemented with 2% sucrose (by
mass) to prepare the inoculum. Samples were placed in the wells of 24-well plates and
immersed with 1.5 mL of the inoculum. The samples were incubated at 37 °C in 5%
CO2, and fresh medium was added after 24 h of the incubation. At a total of 48 h
incubation, the samples were moved to perform colony-forming units test (CFU)
[64,76].
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2.2.8.3. Colony-Forming Unit Counts
After the cement samples (n = 4) had been incubated for 48 h, each sample with
the attached biofilm was washed in 1 mL of phosphate-buffered saline (PBS), moved
to a vial containing 1 mL of PBS, sonicated for 7 min, and vortexed for 5 s at maximum
speed to collect the biofilm. The bacterial suspensions were serially diluted (101- 106fold) and transferred into each BHI agar plate to calculate the total number of colonies.
The agar plates were incubated at 37 °C in 5% CO2 for 48 h [34]. The results were
calculated based on the number of CFU and the dilution factor; log10 transformed data
are expressed as CFU/sample.
2.2.8.4. Live/Dead Staining of Biofilms
Cement disks with 48 h biofilms were washed with PBS to remove planktonic
bacteria. Following the manufacturer’s instructions, cement disks were stained with the
BacLight live/dead kit (Molecular Probes, Eugene, OR, USA). Equal mixture of 2.5 μM
SYTO 9 and 2.5 μM propidium iodide was used to stain each sample for 15 min. The
green fluorescence presented the presence of live bacteria stained with SYTO9. While
bacteria with defective membrane were stained with propidium iodide to emit a red
fluorescence. An inverted epifluorescence microscope (Eclipse TE2000-S, Nikon,
Melville, NY, USA) was used to examine the stained biofilm disks [77].
2.2.8.5. MTT Assay for Quantification of Metabolic Activity of Biofilms
Metabolic activity of biofilms was measured by MTT (3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide) assay. MTT is a colorimetric assay that measures
the enzymatic reduction, a yellow tetrazole, to formazan. Cement disks with 2-day
biofilms were transferred to a new 24-well plate filled with 1 mL of MTT dye (0.5
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mg/mL MTT in PBS) and then incubated at 37 °C in 5% CO2. After 1 h, the disks were
moved to a new 24-well plate with 1 mL of dimethyl sulfoxide (DMSO) to solubilize
the formazan crystals, and the plate was incubated in the dark for 20 min at room
temperature. After mixing by pipetting, 200 μL of the DMSO solution was obtained
from each specimen and transferred to a 96- well plate, and the absorbance at 540 nm
was measured by the microplate reader (Spectra-Max M5). A higher absorbance is
correlated to a higher formazan concentration, which indicates a greater metabolic
activity in the biofilm on the disk [78].
2.2.9. Statistical Analysis
Shapiro-Wilk test was performed to confirm the normality and equal variance of
data. One-way analyses of variance (ANOVA) and Tukey comparison tests were
performed to detect the significant effects of the dependent variables in the mechanical
properties and antibacterial effects. A p-value of < 0.05 was considered statistically
significant. All the statistical analyses were performed using Sigma Plot (SYSTAT,
Chicago, IL, USA).
2.4. Results
2.3.1. Characterization of NACP
A representative TEM image of nano-sized amorphous calcium phosphate
(NACP) is shown in Figure 2.1. The nanoparticle size distribution ranged from 49 nm
to 312 nm, with a mean particle size of 142 nm.
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Figure 2.1. TEM of nano-sized amorphous calcium phosphate (NACP)
synthesized via spray-drying technique and collected using electrostatic
precipitator.

2.3.2. Dentin Shear Bond Strength
The dentin shear bond strength results are shown in Figure 2.2 (mean ± sd; n
= 10). Adding 25% of NACP filler to the cement matrix showed no significant effect
on dentin shear bond strength (p > 0.05) compared to experimental control. Increasing
BisGMA percentage from 4.85% to 6% in the cement monomers demonstrated
enhanced dentin shear bond strength (p < 0.05). Based on this outcome, the remaining
experiments in this study were conducted with 6% BisGMA and the formulations
containing 4.85% and 5% BisGMA were excluded. Adding 3%, and 4% DMAHDM in
cement monomers with 6% BisGMA combined with 25% NACP demonstrated
significantly higher shear bond strength compared to the commercial control (p < 0.05).
Adding 5% DMAHDM combined with 25% NACP demonstrated comparable shear
bond strength to the commercial control. (p > 0.05). These results indicate that
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increasing the DMAHDM concentration and adding the NACP did not significantly
reduce dentin shear bond strengths of the resin crown cement. On the other hand,
changing BisGMA concentration from 4.85% to 6% led to a significant increase in
dentin shear bond strengths of the resin crown cement.

Figure 2.2. Dentin shear bond strengths (mean ± sd; n = 10). Adding 5%
DMAHDM combined with 25% NACP demonstrated comparable shear bond
strength to the commercial control (p > 0.05). Adding 3%, and 4% DMAHDM in
PEHB with 6% BisGMA combined with 25% NACP demonstrated significantly
higher shear bond strength compared to the commercial control (p < 0.05). Values
indicated by different letters are statistically different from each other (p < 0.05).

2.3.3. Flexural Strength
Flexural strength and elastic modulus results of the cement are shown in Figure
2.3 (mean ± standard deviation (SD); n = 10). The incorporation of 3%, 4%, and 5%
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DMAHDM combined with 25% NACP in the resin cement resulted in higher flexural
strength values compared to the commercial control (p < 0.05). Experimental control
resin cement revealed the highest flexural strength among the experiment groups with
a statistically significant difference compared to the commercial control (p < 0.05).
However, it showed comparable results to other groups (p > 0.05). These outcomes
demonstrate that increasing the DMAHDM concentration and adding the NACP did
not significantly reduce the flexural strength of the resin crown cement.
The elastic modulus values of commercial control group were significantly greater
than all other groups (p < 0.05). The incorporation of 4%, and 5% DMAHDM combined
with 25% NACP in the resin cement resulted in comparable elastic modulus values to
the experimental control (p > 0.05). The incorporation of 25% NACP and 3%
DMAHDM combined with 25% NACP in the resin cement resulted in higher elastic
modulus values compared to the experimental control (p > 0.05).
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(A)

(B)

Figure 2.3. (A) Flexural strength, and (B) Elastic modulus (mean ± sd; n = 10).
Adding 3%, 4%, and 5% DMAHDM combined with 25% NACP resulted in higher
flexural strength values compared to the commercial control. (p < 0.05). The
incorporation of 4%, and 5% DMAHDM combined with 25% NACP to the resin
cement resulted in comparable elastic modulus values to the experimental control
(p > 0.05). The incorporation of 25% NACP and 3% DMAHDM combined with
25% NACP to the resin cement resulted in higher elastic modulus values compared
to the experimental control (p > 0.05). The elastic modulus values of commercial
control group were significantly greater than all other groups (p < 0.05). Values
indicated by different letters are statistically different from each other (p < 0.05).

30

2.3.4. Film Thickness
The cement's film thickness values are shown in Figure 2.4 (mean ± sd; n = 5). All
cement groups had film thickness values that met the ISO requirement. Experimental
control resin cement revealed the lowest film thickness among the experiment groups
with a statistically significant difference compared to the %5 DMAHDM group (p <
0.05). However, the %5 DMAHDM group showed comparable results to other groups
(p > 0.05). Resin cements with 3% DMAHDM, 4% DMAHDM, and 5% DMAHDM
demonstrated comparable film thickness values to the commercial control group (p <
0.05). These outcomes demonstrate that increasing the DMAHDM concentration and
adding 25% NACP did not significantly increase the crown cement film thickness. All
cement groups had film thickness values that met the ISO requirement.
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Figure 2.4. Cement film thickness (mean ± sd; n = 5). Adding 3%, 4%, and 5%
DMAHDM combined with 25% NACP demonstrated film thickness within ISO
standard and showed no significant difference compared to the commercial control
(p > 0.05). Values indicated by different letters are statistically different from each
other (p < 0.05).

2.3.5. Initial Calcium and Phosphate Ions Release
The initial Ca and P ion released from cement specimens are plotted in
Figures 2.5. A and B (mean ± sd; n = 6). The ion concentrations for the experimental
groups significantly increased with time from 1 to 42 d, indicating continuous ion
release (p < 0.05). Increasing the DMAHDM level from 3% to 5% did not significantly
affect Ca and P ion release (p < 0.05).
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(A)

(B)

Figure 2.5. Initial ion release from the virgin cement samples. (A) Ca ion release,
and (B) P ion release (mean±SD; n=6). All tested experimental cement groups had
high Ca and P ion releases over 42 days. Increasing the DMAHDM percentage
from 3% to 5% did not significantly affect Ca and P ion release (p < 0.05).
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2.3.6.1. Colony-Forming Unit Counts of S. mutans Biofilm
The CFU results of S. mutans biofilm are shown in Figure 2.6. The incorporation
of 4% and 5% DMAHDM+NACP to the resin cement formulations significantly
reduced the CFUs count by 2 and 2.5-log, respectively, compared to the commercial
control (p < 0.05) and significantly reduced the CFUs count by 3 and 3.5-log,
respectively, compared to the experimental control (p < 0.05). The incorporation of 3%
DMAHDM+NACP to resin cement significantly reduced CFUs count for S. mutans
compared to the experimental control. (p < 0.05). The incorporation of NACP alone
was associated with comparable S. mutans biofilm to the experimental control (p >
0.05). These results showed that increasing DMAHDM concentration to 5%
demonstrated the highest biofilm reduction.
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Figure 2.6. Colony-forming unit (CFU) counts for 2-day biofilms on resin cement
disks (mean ± sd; n=4). Adding 4% and 5% DMAHDM+NACP to resin cement
significantly reduced CFUs count for Streptococcus mutans compared to the
commercial and experimental controls (p < 0.05). The incorporation of 3%
DMAHDM+NACP to resin cement significantly reduce CFUs count for S. mutans
compared to the experimental control. (p < 0.05). Values indicated by different
letters are statistically different from each other (p < 0.05).

2.3.6.2. MTT Assay of Metabolic Activity of S. mutans Biofilms.
The two days biofilm bacterial metabolic activity on cement samples is shown
in Figure 2.7. The experimental groups significantly reduced the metabolic activities
compared to experimental control (p < 0.05). Metabolic activity was decreased from
0.33 (OD540/cm) for experimental control, to 0.024 for 3% DMAHDM+NACP, 0.023
for 4% DMAHDM+NACP, and 0.015 for 5% DMAHDM+NACP (p < 0.05). The
incorporation of DMAHDM with NACP was more effective in reducing the metabolic
activities than the incorporation of NACP alone (p < 0.05).
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Figure 2.7. Metabolic activity for 2-day S. mutans biofilms on resin cement disks
(mean ± sd; n=4). The incorporation of different percentages of DMAHDM
combined with NACP was more effective in reducing the metabolic activities than
the incorporation of NACP alone (p < 0.05). Values indicated by different letters
are statistically different from each other (p < 0.05).

2.3.6.3. Live/Dead Staining of S. mutans Biofilms
Live/dead images of 2-day biofilms are shown in Figure 2.8. Live bacteria are
indicated with green stain, while compromised bacteria with disrupted membranes are
shown in red. Experimental control resin cement was associated with more active
bacteria. Fewer active bacteria were observed with increasing DMAHDM percentage
combined with NACP fillers.
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Figure 2.8. Demonstrative live/dead staining images of 2-day S. mutans biofilms:
Live bacteria were stained green, and compromised bacteria were stained red.
Mixed Live and dead bacteria produced yellow/orange colors. Commercial and
experimental control cement were mostly covered by live bacteria. In contrast,
NACP+DMAHDM cement had significant amounts of dead bacteria.

2.5. Discussion
In this study, a novel crown cement with dual antibacterial contact-killing and
remineralization capabilities was designed. A literature search has shown no reports of
such an approach to address the onset of caries at the tooth-restoration interface. The
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capacity of the cement to inhibit S. mutans biofilm while maintaining high levels of ion
release was accomplished and the study hypotheses were confirmed. The incorporation
of DMAHDM and NACP into the crown cement significantly reduced S. mutans
biofilm growth while maintaining excellent mechanical properties. The new crown
cement reduced S. mutans biofilm growth by 2-3 orders of magnitude. Furthermore, the
bioactive cement has the potential to remineralize and enhance tooth structure through
the high level of Ca and P release.
Antibacterial properties of contemporary dental cement have been studied broadly
and it has been suggested that the low initial pH or the fluoride release of the cement
could affect the bactericidal outcome. Nevertheless, there is no clear understanding of
whether the low pH or low level of fluoride release is sufficient for a long-lasting
antibacterial effect especially that the onset of caries around the crown margins usually
requires several days to years to develop Low initial pH of dental cement could have
an undesirable outcome as acid penetration through dentinal tubules can initiate pulpal
irritation [47]. Additionally, the long-term success of fluoride-releasing dental cements
is debatable due to their short-lasting effect and limited ability to re-release/recharge
[48]. In recent reports to overcome these limitations, DMAHDM was combined into
the resin matrix to maximize the antibacterial effect against cariogenic biofilms.
DMAHDM has the ability to copolymerize with the resin matrix [49]. Accordingly, the
antibacterial agent in the resin matrix is effectively immobilized by covalent bonds and
not lost or released over time, thereby providing long-lasting antibacterial effect.
In previous studies, the antibacterial mechanism of DMAHDM was reported to
work by contact-inhibition (Figure 2.9).
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Figure 2.9. The antibacterial mechanism of DMAHDM. When the positively
charged sites (N+) of DMAHDM contacts the negatively charged bacterial cell
membrane, the electric balance of the cell membrane could be disturbed, leading
to cytoplasmic leakage and bacterial cell death.

When the positively charged sites (N+) of DMAHDM contacts the negatively
charged bacterial cell membrane, the electric balance of the cell membrane could be
disturbed, leading to cytoplasmic leakage and bacterial cell death [79]. The upper limit
of 5% of DMAHDM in the cement was selected, following a prior report that presented
strong antibacterial activity using 5% DMAHDM, without adversely affecting the
physical and mechanical properties of the resin [80]. The biofilm CFU was reduced
significantly when incorporating 3%, 4% and 5% DMAHDM to the resin-based crown
cement. It showed about 2-3 log reduction in the activity of S. mutans biofilms [81].
This result is consistent with previous studies for oral biofilms exposed to resin-based
pit and fissure sealants and resin bonding agents containing DMAHDM. In the present
study, biofilm metabolic activities were significantly reduced when adding NACP with
DMAHDM, compared to experimental control. Moreover, adding NACP without
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DMAHDM showed a significant reduction in metabolic activity, compared to
experimental control. This could be attributed to the observation that the MTT assay
results correlated with the physiological state of the viable bacterial cells. We observed
a large number of viable microorganisms with a low rate of metabolic activity; in
addition, we also observed a small number of viable microorganisms with a high rate
of metabolic activity.
On the other hand, CFU assays correlated to the number of bacterial cell
growth on the BHI agar plates, regardless of their metabolic activity rate. For example,
a small number of microorganisms with a high rate of metabolic activity could give a
lower CFU count, compared to a large number of microorganisms with a low rate of
metabolic activity.
Both commercial and experimental controls showed dead microorganisms,
but they were superimposed by a large amount of viable microorganisms. We believe
that a considerable portion of these colonies, as demonstrated in several reports [55,56],
were the compromised viable bacteria that were detected using live/dead staining, and
they were not strong enough to grow on the agar plates. This was likely why the CFUs
of the control groups were comparable to the Glass+NACP+0%DMAHDM group,
while the amount of green staining for the viable microorganisms (live and injured)
under

the

microscope

looked

greater

for

control

groups

than

for

Glass+NACP+0%DMAHDM group. This outcome reveals the potential for developing
a long-lasting and potent antibacterial cement to reduce the occurrence of secondary
caries and increase the long term serves of fixed dental restorations [64,82].
Another potential technique to prevent secondary caries around dental restorations
include the addition of remineralizing agents in crown cement. The use of fluoride
releasing cements was suggested to neutralize the acidity caused by the cariogenic
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species and remineralize the surrounding tooth structure. In addition, most of the
fluoride releasing materials in dentistry are associated with a burst release (high amount
of ion release) in the first 72 hour followed with a low level of fluoride release. The low
level of fluoride release may not assure the required and long-lasting clinical outcomes
[83,84]. The incorporation of NACP is a promising method for remineralizing and
enhancing tooth structure [85]. The small particle size and high surface area is a
significant advantage of using NACP fillers. In the current analysis, a spray-drying
technique was used to make NACP at a Ca/P molar ratio of 1.5 and a particle size of
142 nm. In comparison to traditional CaP particles, NACP particles had a higher surface
area of 17.76 m2/g, compared to about 0.5 m2/g [42,50]. This feature promotes the use
of lower load of the bioactive fillers to achieve substantial ion release.
In this investigation, to test the effect of DMAHDM on the Ca and P ion release, a
range of 0%, 3% and 5% DMAHDM were tested. All NACP and NACP+DMAHDM
cement groups presented high levels of Ca and P ion release at a reasonably low NACP
filler of 25%, which were considerably higher than the reported release from resinbased materials containing micro-sized CaP fillers [27]. Increasing the DMAHDM
percentage from 3% to 5% did not significantly affect Ca and P ion release (p < 0.05).
The lower level of the bioactive fillers created an opportunity for adding a higher level
of reinforcing glass fillers in the resin matrix to enhance the mechanical properties.
For long-lasting fixed restoration in addition to antibacterial and remineralization
properties, excellent mechanical properties for the crown cement is an essential aspect.
The present study showed that the NACP+DMAHDM crown resin cement achieved
flexural strength comparable to the experimental control and higher than the
commercial control cement. Conversely, the NACP+DMAHDM crown resin cement
reached elastic modulus results comparable to the experimental control and lower than
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the commercial control cement. The decreased elastic modulus could be due to the
bioactive behavior of the base PEHB monomer of this new cement. The formulation's
chemical composition has a unique role for ion release, recharge, and re-release, which
could give the final cement structure a more elastic outcome [69]. The decrease in the
elastic modulus could be attributed to an insignificant effect in the dental crown
performance due to the thin cement film thickness.
The novel NACP+DMAHDM crown resin cement showed film thickness within
the recommended range of the ISO standard [86]. The good mechanical properties of
the novel resin cement resulted from the addition of 20% glass particles as
reinforcement fillers, which provided a thin film with an excellent fracture resistance.
Micro-mechanical interlocking is the key feature of the bonding of resin-based
cement to dentin through resin penetration into the demineralized superficial layer of
dentin [87]. Incomplete resin infiltration into dentinal tubules permits microleakage,
reduce bond durability, and subsequently reduce the long-term success [88]. The bond
strength of dental cement to dentin is a critical mechanical factor in the long-term
success of the fixed restoration. Most of the stresses in the oral environment occur as a
form of shear stress in the dental cement. Therefore, in this study, dentin shear bond
test was used to evaluate bond strength to dentin [89]. In the present study, all
NACP+DMAHDM crown cement groups exhibited comparable results to commercial
control. There is a strong relationship between the severity of microleakage and the
bonding strength of the cement. Excellent bonding properties contribute to increasing
the longevity of the fixed restorations by reducing the microleakage and preventing
secondary caries.
PMGDM and EBPADMA are the main monomers used in the novel cement.
PMGDM is an acidic monomer that may have the ability to chelate with Ca ions in the
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oral environment, and when exposed to an acidic environment, the ions could re-release
when the bond between PMGDM and Ca break down [69]. EBPADMA is a relatively
hydrophobic monomer that has the ability to enhance the degree of conversion and flow
of the cement [90]. HEMA was incorporated in the novel cement to improve
hydrophilicity and significantly decrease the viscosity of the crown cement. BisGMA
is a monomer with high molecular weight and has been shown to improve the crosslinking and bonding properties of the cement [91]. In the current analyses, increasing
BisGMA level from 4.85% to 6% resulted in a significant improvement in the dentin
shear bond strength. However, to reduce any negative outcome on the cement
durability, only a slight increase of BisGMA was used as it may increase the possible
risk of resin-based materials degradation and hydrolysis at the tooth-restoration
interface [91].
As the commercial control cement is commonly used for fixed restoration
cementation with high clinical success [92], the new NACP+DMAHDM crown cement
with enhanced mechanical properties may also be suitable for similar use. Furthermore,
the new cement has the additional advantages of long-lasting antibacterial activity
throughout the contact inhibition of DMAHDM and the remineralization potential
through the release of a high level of Ca and P ions. The novel NACP+DMAHDM
crown cement was capable of being dual cured and they may find use in metaloceramic,
ceramic, zirconia and gold fixed restorations.
An antibacterial cement with a high level of Ca and P ion release can improve the
long-term success of the crown cement by promoting remineralization and
strengthening the tooth structures, as well as preventing demineralization and inhibiting
secondary caries. Further studies are needed to examine the novel crown cement
antibacterial effects on the killing of multispecies biofilms that are more clinically
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relevant. Furthermore, additional studies are needed to investigate the properties and
performance of the new cement. This includes the degree of conversion, long-term
mechanical performance, bond strength to commonly-used crown materials, and longterm recharge and re-release of Ca and P ions.
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CHAPTER THREE:
Novel Rechargeable Nanostructured Calcium Phosphate Crown
Cement with Long-Term Ion Release and Antibacterial Activity to
Suppress Saliva Microcosm Biofilms2

Chapter Abstract
Objective: Resin cements with remineralizing and antibacterial properties are favorable
for inhibition of caries. The objectives of this study were: (1) to investigate the
capability of the novel dimethylaminohexadecyl-methacrylate (DMAHDM) and nanosized amorphous calcium phosphate (NACP) containing cement to reduce saliva
microcosm biofilm, and (2) to investigate the long-term ion release, recharge, and rerelease of DMAHDM-NACP cement.

Methods: Pyromellitic glycerol dimethacrylate (PMGDM) and ethoxylated bisphenolA-dimethacrylate (EBPADMA) were used to make PEHB monomer. Five cements
were fabricated: (1) PEHB+0%NACP+0%DMAHDM (experimental control); (2)
PEHB+25%NACP+0%DMAHDM,

(3)

PEHB+25%NACP+0%DMAHDM;

(4)

PEHB+25%NACP+3%DMAHDM; (5) PEHB+25%NACP+5%DMAHDM. RelyX
luting cement was used as commercial control. Colony-forming units (CFU), lactic acid

2

AlSahafi R, Mitwalli H, Alhussein A, et al. Novel Rechargeable Nanostructured Calcium Phosphate

Crown Cement with Long-Term Ion Release and Antibacterial Activity to Suppress Saliva Microcosm
Biofilms Published online ahead of print, 2022 Apr 28. J Dent. 2022;104140.
doi:10.1016/j.jdent.2022.104140.
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production, metabolic activities, and minimum inhibitory concentration (MIC) were
performed. Long-term Calcium (Ca) and phosphate (P) ion release, recharge, and rerelease were assessed.

Results: Compared to experimental and commercial controls, the NACP-DMAHDM
cement significantly reduced CFU biofilm by 2-3 orders of magnitude, metabolic
activities from 0.24±0.06 A540/cm2 to 0.03±0.01 A540/cm2, and lactic acid production
from 27.7±2.5 mmol/L to 5.4±2.1 mmol/L (n=6) (p<0.05). The DMAHDM showed an
MIC value of 0.03 mg/L. However, when the DMAHDM was combined with PMGDM
monomer, the MIC was greater than DMAHDM alone. The ion concentrations for the
experimental groups significantly increased over time (1-84 days), indicating
continuous ion release (n=3) (p<0.05). Increasing the DMAHDM mass fraction from
0% to 5% and 3% to 5% significantly enhanced ion recharge and re-release at the third
cycle (p<0.05).

Conclusions: Incorporating DMAHDM and NACP into resin-based crown cement
provides strong antibacterial action against saliva microcosm biofilm and presents a
high level of Ca and P ion recharge abilities, exhibiting long-term Ca and P ion release
and remineralization potential.

Clinical Significance: Resin based cement containing NACP and DMAHDM were
developed with remineralizing and potent antibacterial effects. This cement formulation
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showed ion release and remineralization potential and are promising formulations to
inhibit the incidence of recurrent caries and could promote remineralization and be
sustainable for the long term.

3.1. Introduction
Resin cements are among the most frequently used dental cements for indirect
restoration due to their excellent physical and mechanical properties [93], providing a
connection or bond between the prepared tooth and the indirect restoration. The main
function of the cementing agent is to indefinitely maintain both the indirect restoration
and the seal between the tooth structure and the restoration [94].
The ideal dental cement must have a low film thickness, no microleakage,
minimal solubility, low viscosity, comparable strength and stiffness to dentin, and
sufficient working time. Furthermore, it must be biocompatible and antibacterial
[61,62]. The oral environment presents various challenges that limit the longevity of
dental restorations. One of the most critical challenges affecting the long term
survivability of dental restorations is secondary caries at the tooth-cement interface
[95], with a previous study revealing it to be the main reason for more than 38% of
crown failures and replacements [96]. The accurate fabrication of indirect dental
restorations is critical for their long-term clinical survivability [97], yet fabricating
crown restorations with ideal marginal adaptation to the tooth structure remains a
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challenging clinical task. The marginal gap of an indirect restoration increases the risk
of microleakage, secondary caries, plaque accumulation, periodontal disease, and
nonsurgical endodontic treatment by exposing the cement-tooth interface to the oral
environment, increasing the potential for food accumulation around the indirect
restoration and limiting the effectiveness of cleaning [98,99].
The tooth-cement interface creates a complex environment with a dynamic
equilibrium of minerals and substances present in hard tooth tissues and saliva. When
this balance changes to an acidic environment, the tooth structure begins to
demineralize in a pattern comparable to primary caries. Factors that increase the
possibility for acidic events, such as bacterial microleakage and food debris
accumulation, could also increase the possibility of cement dissolution (e.g., GIC, for
instance, and conventional acid-base cement), and this may contribute to gap formation
and exacerbate the overall condition, influencing the formation of secondary caries,
periodontal disease, and nonsurgical endodontic treatment [60].
Current commercially available resin-based cements do not address the
challenges associated with developing secondary caries at the margins of dental
restorations [22]. Thus, there is an increased need to develop a new generation of
bioactive dental cements with antibacterial and long-term remineralization abilities
[100]. In the last two decades, several attempts have been made to introduce bioactivity
into resin-based materials to prevent secondary caries [101,102], with two techniques
forming the main focus: First, the addition of antibacterial functionalities to the polymer
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phase of resin-based materials, and second, the addition of remineralizing sources to
restore lost tooth mineral through the sustained releases of ions, such as calcium (Ca)
and phosphate (P) ions [103,104].
Different agents, such as chitosan, chlorhexidine, antibiotics, and triclosan, have
been used to create antibacterial bio-interactive resin-based dental materials. However,
due to the release of bio-interactive agents from the resin matrix, these bio-interactive
materials have a limited period of action [35]. On the other hand, contact killing
strategies using antibacterial monomers that are copolymerized with resin-based
materials have shown promising results in terms of a long-lasting effect [35]. As a
result, quaternary ammonium methacrylates (QAMs) have been synthesized and
incorporated into resin-based materials to produce long-lasting contact-killing
antibacterial effects [105]. QAMs are a group of cationic compounds with a positively
charged quaternary amine, N+, that can bind to the negatively charged bacterial cell
membrane [106]. This interaction changes the essential ion balance (i.e., K+, Na+, Ca2+,
and Mg2+) of bacterial cells and causes disruption of the membrane and cytoplasmic
leakage [107]. The antibacterial effectiveness of quaternary ammonium compounds has
also been associated with the alkyl chain length. Dimethylaminohexadecyl
methacrylate (DMAHDM), with a chain length of 16, was recently produced and
exhibited more potent antibacterial properties than QAMs with a shorter chain length
[108]. In recent reports, DMAHDM exhibited excellent antimicrobial properties when
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incorporated into resin-based materials, including resin composite, sealer, sealant,
adhesive, and cement [104,109–112].
Another promising method to reduce the initial formation of secondary caries
at the tooth-restoration interface is through the application of remineralizing biointeractive fillers that can release Ca and P ions, which are the main mineral elements
of the tooth structure [110]. From a clinical point of view, nanoparticles of amorphous
calcium phosphate (NACP) could have the potential to provide a long-lasting release
of Ca and P ions. Furthermore, the addition of NACP allows the release of Ca and P
ions, particularly during an acidic cariogenic challenge [35]. Thus, NACP fillers have
the capability to reduce tooth structure demineralization and facilitate remineralization
as well as reduce the metabolic activity of biofilms and the production of lactic acid
[113,114]. In human in situ investigations, a four-fold mineral regeneration in tooth
structures was obtained for resin-based materials with NACP compared to commercial
fluoride-releasing resin-based materials [114]. Moreover, a previous study showed that
resin-based materials with NACP have three times lower mineral loss than resin-based
materials without NACP [115]. Accordingly, secondary caries at the tooth-restoration
interface could be reduced by incorporating of NACP and DMAHDM into a resinbased cement through the high-level release of Ca and P into the tooth-restoration
interface and through DMAHDM contact-inhibition action.
Moreover, a significant drawback for old resin-based material containing Ca
and P ion is that the ion release is short-term, lasts only for a few weeks, and then the
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Ca and P ion release is reduced [90,116]. A previous report showed that a resin-based
material containing Ca and P had ion release for less than 60 days [117]. Therefore, it
would be highly recommended to manufacture a rechargeable resin-based cement
containing Ca and P ion that could provide a long-term ability for remineralization and
ion release to inhibit caries through the ability to recharge and re-release Ca and P ions.
Furthermore, the previous report on NACP-containing crown cement examined the
release of ions for only 42 days and did not investigate the influence of adding
DMAHDM on the ion recharge and re-release ability; furthermore, no conclusions were
drawn on whether the DMAHDM-NACP crown cement is Ca and P ion-rechargeable
[104].
In a previous study on the design of novel crown cement containing DMAHDM
and NACP, the new cement demonstrated a strong reduction in the activity of S. mutans
biofilms and provided high levels of calcium and phosphate ion release with no adverse
effects on the mechanical properties [104]. Nonetheless, antibacterial results against
monospecies biofilm models do not reflect the complexity of the intra-oral
environment. Therefore, the new novel crown cement's antibacterial effect against the
complex biofilms of the oral cavity could be overestimated [118]. Therefore, in this
study, to simulate the complexity of oral cavity biofilm presenting a more clinically
relevant model, the capability of the designed novel DMAHDM- and NACP-containing
crown cement to reduce cariogenic species is examined using a saliva microcosm

51

biofilm derived from human saliva that closely matches the diversity of the oral cavity
ecosystem and its microbial conditions.
Accordingly, the objectives of this study are to first, develop and investigate the
capability of the designed novel DMAHDM- and NACP-containing crown cement to
reduce saliva microcosm biofilm models derived from human saliva, and second, to
investigate the long-term ion release, recharge, and re-release of DMAHDM-NACP
resin-based crown cement. We hypothesize that the incorporation of DMAHDM and
NACP into resin-based crown cement will provide potent antibacterial action against
saliva microcosm biofilm and present a high level of Ca and P ion rechargeability
compared to resin-based crown cement without DMAHDM and NACP.
3.2. Materials and Methods
3.2.1. Experimental Design
The novel dual cure crown cement consisted of pyromellitic glycerol
dimethacrylate (PMGDM, Esstech, Essington, PA, USA), ethoxylated bisphenol-Adimethacrylate (EBPADMA, Sigma-Aldrich, St. Louis, MO, USA), hydroxyethyl
methacrylate (HEMA, Esstech), and bisphenol a glycidyl dimethacrylate (BisGMA,
Esstech).

Ethyl

4-N,N-dimethylaminobenzoate

(4E,

Sigma-Aldrich)

and

camphorquinone (CQ, Sigma-Aldrich) were added as photoinitiators. Cumene
hydroperoxide (CHP, Sigma-Aldrich) was added as a chemical initiator and
benzoylthiourea (BTU, Sigma-Aldrich) was added as an accelerator. 2,6-ditertbutyl-4methylphenol (BHT, Sigma-Aldrich) was added as a stabilizer. This formulated
cement’s monomer is termed PEHB. Each experiment group has two pastes: paste A
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and paste B at a 1:1 mass ratio for details information see Tables 3.1, 3.2, 3.3, 3.4 and
3.5. PEHB at filler:matrix mass ratio of 45:55 was used. Silanized barium
boroaluminosilicate glass particles with a mean size of 1.2 μm (Dentsply Sirona,
Milford, DE, USA) was used as a filler into each experimental group to improve the
mechanical properties. All experimental cement were made by combining the resin
matrices with the NACP, and the glass particles to form a cohesive mix and were mixed
in a speed mixer at 2400 rpm/min (DAC 150.1 FVZ-K SpeedMixerTM, FlackTec Inc.,
Landrum, SC, USA). Then, the following resin cements were tested:
1.

RelyX luting cement (3M, St Paul, MN, USA) (referred to as “Commercial
control”) (Table 3.1)

2.

PEHB + 45% glass fillers + 0 % NACP + 0 % DMAHDM (referred to as
“PEHB+0NACP+0DMAHDM control”) (Table 3.2)

3.

PEHB + 20% glass fillers + 25% NACP + 0 % DMAHDM (referred to as
“PEHB+25NACP+0DMAHDM”) (Table 3.2)

4.

PEHB + 20% glass fillers + 25% NACP + 3%DMAHDM (referred to as
“PEHB+25NACP+3DMAHDM”) (Table 3.3)

5.

PEHB + 20% glass fillers + 25% NACP + 4% DMAHDM (referred to as
“PEHB+25NACP+4DMAHDM”) (Table 3.4)

6.

PEHB + 20% glass fillers + 25% NACP + 5% DMAHDM (referred to as
“PEHB+25NACP+5DMAHDM”) (Table 3.5)
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Table 3.1: Chemical composition of RelyX luting cement.

Powder
Fluoroaluminosilicate (FAS) glass
Potassium persulfate
Ascorbic acid
Opacifying agent

Liquid
Methacrylated polycarboxylic acid
Water
HEMA
Tartaric acid

Table 3.2: Chemical composition of PEHB monomers with 0 % DMAHDM.
Part A
Chemical
Weight%
Cumene hydroperoxide (CHP)
2%
2,6-ditertbutyl-40.05%
methylphenol (BHT)
PMGDM
HEMA

Part B
Chemical
Benzoyl thiourea (BTU)

Weight%
1%

Camphorquinone (CQ)

0.4%

Ethyl-4-N,Ndimethylaminobenzoate (4E)
EBPADMA
BisGMA
HEMA

87.95%
10%

1.6%
77 %
10%
10%

Table 3.3: Chemical composition of PEHB monomers with 3% DMAHDM.
Part A
Chemical
Weight%
Cumene hydroperoxide (CHP)
2%
2,6-ditertbutyl-4-methylphenol
0.05%
(BHT)
PMGDM

81.5%

HEMA

16.45%

Part B
Chemical
Benzoyl thiourea (BTU)

Weight%
1%

Camphorquinone (CQ)

0.4%

Ethyl-4-N,Ndimethylaminobenzoate (4E)
EBPADMA
BisGMA
DMAHDM
HEMA

54

1.6%
70.55 %
12%
10.9%
3.55%

Table 3.4: Chemical composition of PEHB monomers with 4% DMAHDM.
Part A
Chemical
Weight%
Cumene hydroperoxide (CHP)
2%
2,6-ditertbutyl-4-methylphenol
0.05%
(BHT)
PMGDM

79.68%

HEMA
EBPADMA

14.72%
3.55%

Part B
Chemical
Benzoyl thiourea (BTU)

Weight%
1%

Camphorquinone (CQ)

0.4%

Ethyl-4-N,Ndimethylaminobenzoate (4E)
EBPADMA
BisGMA
DMAHDM
HEMA

1.6%
65.18 %
12%
14.54%
5.28%

Table 3.5: Chemical composition of PEHB monomers with 5% DMAHDM.
Part A
Chemical
Weight%
Cumene hydroperoxide (CHP)
2%
2,6-ditertbutyl-4-methylphenol
0.05%
(BHT)
PMGDM

77.95%

HEMA
EBPADMA

16.45%
3.55%

Part B
Chemical
Benzoyl thiourea (BTU)

Weight%
1%

Camphorquinone (CQ)

0.4%

Ethyl-4-N,Ndimethylaminobenzoate (4E)
EBPADMA
BisGMA
DMAHDM
HEMA

1.6%
63.45 %
12%
18%
3.55%

3.2.2. Synthesis of DMAHDM Monomer and NACP Fillers
NACP was synthesized using a spray-drying technique. A dilute calcium carbonate
solution (2.667 mM) and a dilute dicalcium phosphate anhydrous solution (5.333) were
dissolved in acetic acid (with a concentration corresponding to a Ca/P molar ratio = 1.5)
were simultaneously fed to the nozzle and atomized into a stream of heated air flowing
through an evaporation chamber to evaporate the volatile acid and water. NACP with a
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mean particle size of approximately 142 nm were the final product [30]. Dry NACP
was collected using an electrostatic precipitator.
DMAHDM synthesis was completed using a modified Menschutkin reaction in
which a tertiary amine group was reacted with an organ-halide. Briefly,10 mmol of 1bromohexadecane (TCI America, Portland, OR, USA), 3 g of ethanol, and 10 mmol of
2-(dimethylamino) ethyl methacrylate (Millipore Sigma, Burlington, MA, USA), were
mixed in a glass vial and then stirred for 24 h at 70 ◦C to yield a colorless, clear, and
viscous liquid. After evaporation of the solvent, a solid white powder was collected
[71].
3.2.3. Measurement of Initial Calcium and Phosphate Ions Release:
For

ion

release

measurements,

the

commercial

control

and

PEHB+0NACP+0DMAHDM control cement groups were not included as they are not
expected to release Ca and P ions and to test the effect of DMAHDM on the Ca and P
ion release, mass fractions of 0%, 3% and 5% DMAHDM were selected. Therefore,
only groups 3, 4, and 6 were tested for Ca and P ion release. Resin cement samples of
approximately 2 × 2 × 12 mm were made using stainless steel molds. Cement paste A
and past B were mixed equally then placed into the mold which was covered with Mylar
strips and glass slides from both open sides of the mold. Light-curing unit (1,200
mW/cm2; 60 s; Labolight DUO, GC America, Alsip, IL, USA) was used for one minute
at each side. Then, after removing the bar sample from the stainless-steel mold, samples
were additionally light cured.
A sodium chloride (NaCl) solution (133 mmol/ L) was buffered to pH 4 with 50
mmol/L lactic acid to mimic the cariogenic condition in the oral cavity [30,75]. Three
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specimens were immersed in 50 mL of the solution to generate a specimen
volume/solution of approximately 2.9 mm3/mL for each experimental group. All tubes
(n=6) for each group were kept in a 37 °C incubator during the experiment. The Ca and
P ion concentrations released from the specimens were measured at 1, 3, 5, 7, 14, 21,
28, 35, 42, 49, 56, 63, 70, 77, and 84 days. An aliquot of 2 ml was taken from each tube
and replaced with a fresh solution at each specific time. Throughout the experiment
time, the pH of the incubating solution was maintained and adjusted to pH 4. The
aliquots were analyzed for Ca and P ion concentrations via known standards and
calibration curves using a spectrophotometric method (Spectra-Max M5, Molecular
Devices LLC, San Jose, CA, USA) [49].The initial ion release from resin based cement
was referred to as initial release”, to distinguish it from the following recharging and
re-releasing cycles.
3.2.4 Measurement of Calcium and Phosphate Ions Recharge and Re-Release
After the Ca and P ions were released for 84 days, the specimens were removed,
rinsed with water for 5 min, and then immersed in a fresh 50 mL NaCl solution at pH
4. Ion release was further measured for ten days to ensure there is no additional ion
release. Then, these ion-exhausted specimens were used for the ion recharging test. The
calcium ion recharging solution was made of 100 mmol/L calcium chloride (CaCl2) and
50 mmol/L 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) buffer [19].
The phosphate ion recharge solution was made of 60 mmol/L potassium dihydrogen
phosphate (KH2PO4) and 50 mmol/L HEPES buffer. Both solutions were adjusted to
pH 7 using one mol/L potassium hydroxide (KOH) [19]. Three exhausted specimens of
2×2×12 mm were immersed in 5 mL of the Ca ion or P ion recharging solution and
gently vortexed at a power level of 3 for 1 min using Analog Vortex Mixer (Fisher
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Scientific, Waltham, MA, USA) [30]. Then, the specimens were rinsed with running
distilled water for 1min to remove any loosely attached ions on the specimen surfaces;
thus, only the ions recharged into the interior of the cement samples were measured in
the subsequent re-release test. This recharge cycle was repeated for three times on one
day, at about 10:00 am, 2:00 pm, and 6:00 pm. After that, the recharged specimens were
immersed in a 50 mL of the pH 4 solution. This immersion was to measure the Ca and
P ion re-release on days 1, 2, 3, 5, 9, 11, and 14. Then, the same cycle or recharge and
release were repeated for three times.
3.2.5. Human Saliva-Based Microcosm Biofilm Model
3.2.5.1. Sample Preparation for Biofilm Tests
Circular polytetrafluoroethylene molds with a diameter of 8 mm and a thickness of
1 mm were used to make cement disks. Each sample was light cured (Labolight DUO)
on each surface and incubated in 37 °C incubator for 24 h. Then samples were immersed
and stirred at 125 rpm in distilled water for 1 h to remove unreacted monomers [22].
Then, specimens were sterilized using ethylene oxide (Anprolene AN74i, Andersen,
Haw River, NC, USA) for 24 h and to assure the complete removal of entrapped
ethylene oxide, samples were de-gassed for seven days [23].
3.2.5.2. Saliva Collection and Dental Plaque Microcosm Biofilm Model
Following the Declaration of Helsinki, saliva collection was conducted. The
Institutional Review Board approved the saliva donation at the University of Maryland
Baltimore (IRB #: HP-00050407). An equal amount of saliva was collected from
healthy donors free of active caries, with normal dentition and without the use of
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antibiotics within the last three months. Donors were directed not to brush their teeth
for 24 h prior to collection and not to eat or drink two h before the collection. Then, an
equal volume of saliva from each of the donors was mixed and diluted in sterile glycerol
to a concentration of 70% and stored at −80 °C for subsequent experiments [47]. The
use of inoculum of human saliva could help mimic the heterogeneity and complexity
of the bacteria present in human dental plaque [18].

McBain artificial saliva growth medium was used for all biofilm experiments. The
growth medium consists of 2.0 g/L bacteriological peptone (Becton Dickinson, Sparks,
MD, USA), 2.5 g/L Type II mucin (Millipore Sigma), 0.35 g/L NaCl, 1.0 g/L yeast
extract (Fisher Scientific), 2.0 g/L tryptone (Becton Dickinson), 0.2 g/L potassium
chloride (Millipore Sigma), 0.2 g/L calcium chloride (Millipore Sigma), 0.1 g/L
cysteine hydrochloride (Millipore Sigma), 0.0002 g/L vitamin K1, 0.001 g/L hemin, at
pH 7. During biofilm experiments, 0.2% sucrose was added to this medium. Then, each
cement disk was placed in the well of 24-well plates and immersed with 1.5 mL of the
inoculum. Samples were incubated for 8 h in 5% CO2 at 37 °C to permit biofilm growth
on the disk. After that, fresh medium was added after 8 and 24 h of the incubation. At
the total of 48 h incubation, the cements disks were moved to perform colony-forming
units (CFU), the live/dead assay, metabolic activity, and lactic acid test [109].
3.2.5.3. Biofilm Colony Forming Units (CFU) Counts
Following the 48 h incubation, six discs containing biofilm were moved into a vial
filled with 1 mL of cysteine peptone water (CPW). The discs were vortexed for 5 s then
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sonicated for 15 min to harvest the biofilm [29]. The suspensions of bacteria were serial
diluted and transferred to agar plates to grow. To evaluate the growth of oral species,
four solid culture media were used. First, tryptic soy blood agar (TSA, Becton
Dickinson) culture plates to evaluate the biofilm growth of the total microorganisms.
Second, mitis salivarius agar (MSA, Becton Dickinson, Sparks, MD, USA) was used
to determine the total streptococci count. Third, mitis salivarius agar with 0.2 units per
mL bacitracin (MSB, Millipore Sigma) was used to determine the growth of mutans
streptococci. Fourth, rogosa agar (Thermo Scientific, Lenexa, KS, USA) culture plated
to determine the growth of lactobacilli. Lastly, the agar plates were incubated in 5%
CO2 for 48 h at 37 °C, except for rogosa plates which were incubated for 72 h. The
number of colonies multiplied by the dilution factor was used to calculate the CFU [39].
3.2.5.4. Live/dead Staining of Biofilms
Cement disks with 48 h biofilms were washed three times with deionized water to
remove planktonic bacteria. Then, cement disks were stained with the BacLight
live/dead kit (Molecular Probes, Eugene, OR, USA), following the manufacturer’s
instructions. An equal mixture of 2.5 μM propidium iodide and 2.5 μM SYTO 9 was
used to stain each cement disk for 15 min. Dead bacteria with defective cell membranes
were stained with propidium iodide to radiate a red fluorescence. At the same time, live
bacteria were stained with SYTO 9 to radiate a green fluorescence. Stained biofilm
disks were examined using an inverted epifluorescence microscope (Eclipse TE2000S, Nikon, Melville, NY, USA) [77].
3.2.5.5. MTT Assay for Quantification of Metabolic Activity of Biofilms
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MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay is a
colorimetric assay that measures the enzymatic reduction, a yellow tetrazole, to
formazan. Cement disks with 2-day biofilms were incubated in a new 24-well plate
filled with 1 mL of MTT dye (0.5 mg/mL MTT in PBS) at 37 °C in 5% CO2 for 1h.
Then, to solubilize the formazan crystals, the disks were moved to a new 24-well plate
with 1 mL of dimethyl sulfoxide (DMSO), and the plate was incubated in the dark at
room temperature. After 20 min, 200 μL of the DMSO solution was taken from each
sample and transferred to a new 96-well plate. Specimen absorbance was measured by
the microplate reader (Spectra-Max M5) at 540 nm. A higher absorbance is related to a
higher concentration of formazan, which reveals a higher metabolic activity in the
biofilm on the disk [78].
3.2.5.6. Lactic Acid Production
Lactate acid concentrations were evaluated using an enzymatic (lactate
dehydrogenase) method [33]. Cement disk with 2-day biofilms was washed in 1.5 mL
of CPW, then incubated in a new plate containing 1.5 mL of buffered peptone water
(BPW) with 0.2% sucrose at 37 °C in 5% CO2 [37]. After 3 h, BPW solutions were
collected from each Specimen, and the absorbance was measured at 340 nm using the
microplate reader (Spectra-Max M5). A lactic acid standard solution (46937; Sigma)
was used to prepare a standard curve [39].
3.2.5.7. Minimum Inhibitory Concentration
A human salivary inoculum was used to test the minimum inhibitory concentration
(MIC). MIC is the lowest concentration of the antimicrobial agent that inhibits the
visible growth of microorganisms [119,120]. Serial microdilution assays were used to
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measured MIC. For MIC test, adding the lowest concentration of the antimicrobial
agent into the media does not totally kill all bacteria; the solution appears clear with
no turbidity because the bacterial concentration is very minimal [120]. Ten groups were
examined for their MIC. The first group served as positive control where chlorhexidine
diacetate (CHX) (Sigma, St. Louis, MO, USA) was dissolved in distilled water, giving
a final concentration of 10 mg/mL. The second group served as the experimental
antibacterial control where a final concentration of 20 mg/mL of unpolymerized
DMAHDM monomer was used [121,122]. Then, all monomers that formed PEHB
monomers were tested at the same concentration that formed our resin cement at 3%
DMAHDM-NACP groups. For PMGDM, EBPADMA, BisGMA, and HEMA
approximately 146 mg/mL, 126 mg/mL, .022 mg/mL, and .036 mg/mL concentration
respectively were used. Then, a combination of each monomer with 20 mg/mL of
DMAHDM was used. After preparing all groups’ solutions, 125 μL of the stock
solutions were added to a well in a 96-well plate. Then, serial five-fold dilutions were
made into 100 μL of McBain media supplemented with 0.2% sucrose. Following serial
dilutions, 100 μL of saliva and McBain media at 1:50 ratio supplemented with 0.2%
sucrose was added totaling 200 μL. McBain media with a 1:50 ratio of saliva and 0.2%
sucrose suspension without antibacterial agent served as a positive control, and media
without antibacterial agent served as a negative control. Then, a 5% CO2 incubator at
37 °C was used to incubate the 96-well plate for 24 h. Following incubation, a
spectrophotometer (Spectra-Max M5) at 600 nm was used to measured turbidity. The
positive and negative control wells were used as references. MIC was determined as
the first clear well (no turbidity) with the antibacterial agent at the lowest concentration
compared to the controls. The test was performed in triplicate [120].
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3.2.6 Statistical Analysis
Shapiro-Wilk test was performed to confirm the normality and equal variance of
data. One-way analyses of variance (ANOVA) and Tukey comparison tests were
performed to detect the significant effects of the dependent variables in the antibacterial
effects, Ca and P initial ion release and recharge and re-release. A p-value of < 0.05
was considered statistically significant. All the statistical analyses were performed
using GraphPad Prism 9 software package version 9.1.0 (GraphPad Software, San
Diego, CA, USA).
3.4. Results
3.4.1. Initial Calcium and Phosphate Ions Release:
The initial Ca and P ion released from cement specimens are plotted in Figures
3.1A and B (mean ± sd; n = 6). The ion concentrations for the experimental groups
significantly increased with time from 1 to 84 days, indicating continuous ion release
(p < 0.05). Increasing the DMAHDM mass fraction from 3% to 5% did not significantly
affect Ca and P ion release (p < 0.05).
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Figure 3.1: Initial ion release from the virgin cement samples. (A) Ca ion release,
and (B) P ion release (mean±SD; n=6). All tested experimental cement groups had
high Ca and P ion releases over 84 days. Increasing the DMAHDM mass fraction
from 3% to 5% did not significantly affect Ca and P ion release (p < 0.05).

3.4.2 Calcium and Phosphate Ions Recharge and Re-Release
The results of the three cycles of ion recharge and re-release of cement specimens
are plotted in Figures 3.2A and B (mean ± sd; n = 3). All cements groups had
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continuous ion release after each recharge. Increasing the DMAHDM mass fraction
from 0% to 5% and from 3% to 5% significantly enhanced Ca and P ion recharge and
re-release at the third cycle (p < 0.05) as shown in Figures 3.3A and B.

Figure 3.2: Ca and P ion recharge and re-release from the rechargeable cement
samples after 94 days. (A) Ca ion release, and (B) P ion release (mean ± sd; n = 3).
Each recharge cycle was followed by 14 days of continuous release without any
recharge during those 14 days.
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Figure 3.3: Ca and P ion re-release concentrations at the last day (day 14) for each
cycle of recharge and re-release. (A) Ca ion release, and (B) P ion release (mean ±
sd; n = 3). Increasing the DMAHDM mass fraction from 0% to 5% and 3% to 5%
significantly enhanced Ca and P ion recharge and re-release over the three cycles
(p < 0.05).
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3.4.3. Colony-Forming Unit Counts of Human Saliva-Based Microcosm Biofilm Model
The CFU results of 2-day biofilms are shown in Figure 3.4:(A) total
microorganisms, (B) total streptococci, and (C) Lactobacilli (D) mutans streptococci
(mean ± sd; n = 6). For the total microorganisms, the incorporation of 3%, 4%, and 5%
mass fractions of DMAHDM+NACP to the resin cement formulations significantly
reduced the CFUs count by approximately 1.5, 2, and 3 logs, respectively, compared to
the PEHB+0NACP+0DMAHDM control (p < 0.05) and significantly reduced the CFUs
count by 1,1.5, and 2 logs, respectively, compared to the commercial control (p < 0.05).
For total Streptococci, the incorporation of 3%, 4%, and 5% mass fractions of
DMAHDM+NACP to the resin cement formulations significantly reduced the CFUs
count by approximately 1.5, 2, and 3 logs, respectively, compared to the
PEHB+0NACP+0DMAHDM control and commercial control (p < 0.05). For
Lactobacilli CFU counts, a significant reduction on the CFUs count by approximately
2 to 2.5 logs reduction when adding 3%, 4% and 5% mass fractions of DMAHDM on
the resin cement compared to the PEHB+0NACP+0DMAHDM control (p < 0.05). For
Mutans Streptococci, 2 logs reduction was observed with the incorporation of 3% and
4% mass fractions of DMAHDM+NACP and to the resin cement and, 3 logs reduction
was detected with the incorporation of 5% mass fraction compared to the
PEHB+0NACP+0DMAHDM control (p < 0.05). These results showed that increasing
DMAHDM mass fraction to 5% demonstrated the highest biofilm reduction.
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Figure 3.4: Colony-forming unit (CFU) counts for 2-day biofilms on resin cement disks
(mean ± sd; n=6). (A) total microorganisms, (B) total streptococci, and (C) total
Lactobacilli (D) mutans streptococci (mean ± sd; n = 6). Results showed that increasing
DMAHDM mass fraction to 5% demonstrated the highest biofilm reduction. Values
indicated by different letters are statistically different from each other (p < 0.05).
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3.4.4. MTT Assay of Metabolic Activity.
The 2-days biofilm bacterial metabolic activity on cement samples is shown
in Figure 3.5 (mean ± sd; n = 5). The incorporation of DMAHDM with NACP
significantly

reduced

the

metabolic

activities

compared

to

PEHB+0NACP+0DMAHDM control (p < 0.05). The greatest inhibition of metabolic
activities was detected with 5% DMAHDM-NACP resin cement, which was
significantly higher than all other groups (p ≤ 0.05). Metabolic activity was decreased
from 0.24 (OD540/cm) for PEHB+0NACP+0DMAHDM control, to 0.15 for 3%
DMAHDM+NACP,

0.12

for

4%

DMAHDM+NACP,

and

0.03

for

5%

DMAHDM+NACP (p < 0.05). The incorporation of 4% and 5% DMAHDM with
NACP was more effective in reducing the metabolic activities than the incorporation of
NACP alone (p < 0.05).
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Figure 3.5: Metabolic activity for 2-day biofilms on resin cement disks (mean ±
sd; n=5). The incorporation of different percentages of DMAHDM combined with
NACP significantly reduced the metabolic activities compared to
PEHB+0NACP+0DMAHDM control (p < 0.05). Values indicated by different
letters are statistically different from each other (p < 0.05).

3.4.5. Lactic acid production by biofilms

Lactic acid production by biofilms results are plotted in Figure 3.6 (mean ±
sd; n = 5). Incorporation mass fractions of 4% and 5% DMAHDM greatly decreased
lactic acid production of the biofilms compared to other groups without DMAHDM (p
< 0.05). The lactic acid production was reduced from 27.7 mmol/L on
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PEHB+0NACP+0DMAHDM control resin cement group to 5.4 mmol/L in 5%
DMAHDM-NACP resin cement group.

Figure 3.6: Lactic acid production 2-day biofilms on resin cement disks (mean ±
sd; n=5). The incorporation 4% and 5% mass fractions DMAHDM showed the best
reduction on cement specimens exposed to salivary biofilm. Values indicated by
different letters are statistically different from each other (p < 0.05).

3.4.6. Live/Dead Staining of Multi-Species Biofilms
Live/dead images of 2-day biofilms are shown in Figure 3.7. Live bacteria are
indicated with green stain, while injured bacteria with defective membranes are
presented in red. PEHB+0NACP+0DMAHDM control and commercial control resin
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cement were associated with more active bacteria. Lower quantity of active bacteria
was observed with increasing DMAHDM percentage combined with NACP fillers.

Figure 3.7: Illustrative live/dead staining pictures of 2-day biofilms: Live bacteria
were stained green, and injured bacteria were stained red. Mixed dead and live
bacteria made yellow/orange colors. PEHB+0NACP+0DMAHDM control and
commercial control cement samples were mostly covered by live bacteria. On the
other hand, NACP+DMAHDM cement had significant amounts of dead bacteria.
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3.4.7. Minimum Inhibitory Concentration
The MIC values of the antibacterial agents against human saliva are presented
in Table 3.6. When the bacterial growth is inhibited at a lower antibacterial
concentration, this shows a greater antibacterial strength. The DMAHDM antibacterial
agent showed significant antibacterial potency, with an MIC value of 0.032 mg/L.
However, when the DMAHDM was combined with the PMGDM monomer, the MIC
was 625 times greater than DMAHDM alone. The PMGDM by itself had an MIC four
orders of magnitude higher than the DMAHDM antibacterial agent. On the other hand,
when the DMAHDM was combined with EBPADMA, BisGMA, and HEMA, the MIC
outcomes were equivalent to the MIC result of DMAHDM alone. When using
EBPADMA, BisGMA, and HEMA with no DMAHDM, no antibacterial effect was
detected.
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Table 3.6: MIC values of antibacterial agents and resins against salivary biofilm

Compound

MIC

Chlorohexidine

0.016mg/L

DMAHDM

0.032mg/L

PMGDM

146mg/L

DMAHDM+PMGDM

20mg/L+146mg/L

EBPADMA

--

DMAHDM+EBPADMA

0.032mg/L+0.2mg/L

HEMA

--

DMAHDM+HEMA

0.032mg/L+0.057mg/L

BisGMA

--

DMAHDM+BisGMA

0.032mg/L+0.035mg/L

3.5. Discussion
The present study investigated for the first time the antibacterial action of the novel
NACP-DMAHDM crown cements against saliva microcosm biofilm and Ca and P ion
rechargeability. The ability of the cements to inhibit complex cariogenic biofilms
derived from human saliva while maintaining high levels of ion release, recharge, and
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re-release was achieved, and the study hypotheses were confirmed. The addition of
DMAHDM and NACP into the resin-based crown cement significantly reduced saliva
microcosm biofilm growth while maintaining a high level of Ca and P ion
rechargeability. The investigated novel NACP-DMAHDM crown cement reduced
saliva microcosm biofilm growth by 2-3 orders of magnitude. Moreover, the biointeractive cement has the potential to enhance and remineralize tooth structure through
the high level of Ca and P release, recharge, and re-release.
It is highly desirable to develop a potent long term antibacterial resin-based cement
with a high-level release of Ca and P through the incorporation of antibacterial and
remineralizing components to kill cariogenic bacteria and enhances tooth structure to
reduce the development of secondary caries. In recent reports, QAMs were developed
and incorporated in the resin matrix to provide a long-term antibacterial effect against
cariogenic biofilms. QAMs have the capability to copolymerize with the resin matrix
[49]. Consequently, the antibacterial monomers in the resin matrix are not lost or
released over time since they are covalently bonded to the other methacrylate resins,
thereby providing a long-lasting antibacterial effect. The antibacterial effectiveness of
quaternary ammonium compounds has been correlated with the alkyl chain length.
DMAHDM with a chain length of 16, was recently produced and exhibited more potent
antibacterial properties than QAMs with a shorter chain length [108]. A previous study
showed that the incorporation of 3%, 4%, and 5% DMAHDM in the PEHB monomers
combined with 25% NACP and 20% glass fillers showed comparable flexural strength
and elastic modulus results to the experimental control group that contained only 45%
glass and demonstrated film thickness within ISO recommended level [104]. Moreover,
the study results revealed that increasing the DMAHDM concentration up to 5%
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combined with 25% NACP did not significantly reduce the dentin shear bond strengths
of the resin cement. On the other hand, increasing BisGMA concentration in the resin
matrix led to a significant increase in dentin shear bond strengths. Therefore, in this
study, the upper limit of 5% of DMAHDM and 25% NACP in the cement formulation
was used were a strong reduction in the activity of S. mutans biofilms, and a high level
of Ca and P ions release were achieved without compromising the mechanical
properties of the resin-based crown cement [104]. However, antibacterial results against
monospecies biofilm models do not reflect the complexity of the intra-oral biofilm.
Therefore, the new novel crown cement's antibacterial effect against the complex
biofilms of the oral cavity could be overestimated [118]. Therefore, in this study, for a
more clinically relevant model, the capability of the designed novel DMAHDM- and
NACP-containing crown cement to reduce saliva microcosm biofilm is examined using
a biofilm model derived from human saliva that closely matches the diversity of the
oral cavity microbial environment.
In this report, the biofilm CFU reduction when incorporating mass fractions of 3%,
4% and 5% DMAHDM to the resin-based cement is consistent with previous report
[104,118].The CFU reduction for total microorganism, total streptococci, lactobacilli,
and mutans streptococci ranged between 1-1.5 log when incorporating 3% DMAHDM
and when increasing the mass fraction to 5% DMAHDM, an enhanced bacterial
reduction of 2-3 log on CFUs were reached for caries-related pathogens. The same trend
was observed when investigating the amount of reduction related to metabolic activities
and lactic acid production. The resin cement containing mass fraction 5% DMAHDM
demonstrated the greatest reduction for the biofilm metabolic activity and lactic acid
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production by around 80% compared to controls (p < 0.05). The lactic acid production
and metabolic activity indirectly reflected the antibacterial activity. However, the CFU
test related to the number of bacterial cell growth on the agar plates, regardless of their
lactic acid production and metabolic activity. Correspondingly, a large number of
microorganisms with low lactic production and metabolic activity rate could give a
higher CFU count than a small number of microorganisms with a high rate of lactic
acid production and metabolic activity [104,123]. This could explain why CFU was
reduced by three logs, but metabolic activity and lactic acid production were reduced
by only 80%.
Although the CFU reduction with 3% DMAHDM was significantly greater than
the commercial and PEHB+0NACP+0DMAHDM control cement (p < 0.05), a
previous report with 3% DMAHDM resin-based materials showed a higher CFU
reduction of 3% DMAHDM combined with a different type of monomer consisted of
BisGMA, and triethylene glycol dimethacrylate (TEGDMA) at 50:50 mass ratio [109].
Therefore, in order to explore the effect of PEHB monomers on the antimicrobial
effect of DMAHDM, we performed an MIC assay. All monomers that formed PEHB
were tested at the same concentration that formed our resin cement at 3% DMAHDMNACP groups, including PMGDM, EBPADMA, BisGMA, and HEMA. MIC assays
are usually used to test the antibacterial efficacy versus single species bacteria.
Nevertheless, we have used the MIC test here using a multispecies salivary biofilm
model to mimic the biofilm complexity of the multispecies biofilm used in this study.
Using a single species bacteria model could provide an imprecise result. The MIC
results indicated that using DMAHDM alone provided a significant antibacterial effect
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and when the DMAHDM was combined with EBPADMA, BisGMA, and HEMA
monomers, the MIC results were not affected, and it was comparable to using
DMAHDM alone. However, when the DMAHDM was combined with the PMGDM
monomer, the MIC was four orders of magnitude higher than that of DMAHDM alone.
The MIC experiments verify the observed reduction in antimicrobial effect of the
DMAHDM+ PMGDM containing resin cement illustrated in Table 3.6.
The PMGDM carboxylic acid groups promote adhesion to tooth structure through
ionic interactions with the mineral content [124]. Therefore, it is possible that the ions
from the acidic carboxylic group of PMGDM interact with the quaternary cations in
DMAHDM partially neutralize it. Consequently, a reduction in the charge density of
the DMHADM leads to a reduction in the antibacterial outcome. Moreover, a previous
study showed that acidic monomers could reduce cell attachments by their highly
negative charge [45]. Our MIC results correlate well with these findings were at higher
concentrations of the acidic monomer, the high acidity of the monomer could reduce
bacterial numbers.
QAMs have a broad spectrum of antibacterial effects [125]. However, the possible
development of antibacterial drug resistance against QAMs has been investigated with
a low number of reports. A recent study investigated the drug-resistance of DMAHDM
on S. mutans biofilm found that DMAHDM-induced S. mutans persisters biofilms
could be eliminated by using greater concentrations of DMAHDM, and the tolerance
of surviving S. mutans persisters was not passed to the subsequent generations [126].
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Moreover, no increase in MIC values was noticed between S. mutans parental strain
and S. mutans persisters induced by DMAHDM, demonstrating that the surviving
bacterial strain was not a resistant strain [126]. Another study by Kitagawa et al.,
showed that after 10 passages of exposure to QAM, E. faecalis and S. mutans did not
present any resistance to the antibacterial agent [127]. Incorporating of DMAHDM to
resin-based materials is promising approach to compact recurrent caries, however more
studies are necessary on the likely development of antibacterial drug- resistance against
DMAHDM after longer term exposures.
Another potential method to control and reduce the prevalence of secondary
caries around dental restorations includes incorporating remineralizing agents in the
resin-based cement [114]. The incorporation of NACP to the resin-based cement is a
promising method for enhancing and remineralizing tooth structure [85]. NACP has
shown its smart capability to release high levels of Ca and P ions especially at low pH.
A previous human in situ model showed that a NACP containing resin-based material
was able to reduce caries formation through the high levels release of Ca and P that
increased at lower cariogenic pH levels when compared to commercial control.
Moreover, a previous study showed that NACP was able to buffer and maintain the pH
values for the 48 h biofilm model where the pH stayed neutral through the test period.
The high surface area of the nanoparticle size is a notable advantage of using NACP
fillers. In the current research, NACP with average particles size of 142 nm and a Ca/P
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molar ratio of 1.5 was made using a spray-drying method. In contrast to traditional
calcium phosphate (CaP) particles with a surface area of 0.5 m2/g, NACP particles had
a higher surface area of 17.76 m2/g [42,50]. This feature encourages the use of a lower
load of the bio-interactive fillers to achieve a high level of ions release. The results of
the current analysis exhibited that adding 25% NACP into the resin-based cement
released high levels of Ca and P ions over 84 days and was successfully showed for the
first time the ability to recharge with Ca and P ions over three cycles of ion recharge
and re-release showing the potential for the cement to function as a reservoir of ions
and to provide long-term ion release which might help to overcome the limitation of
the short-term release of Ca and P ion from the old resin-based material. However, there
was a decreasing trend with increasing the number of cycles from the first to the third
cycles. Nevertheless, a previous study showed that there was a decreasing trend with
increasing the number of cycles till the sixth cycle, and after that, the re-release
appeared to reach a steady-state, and there was no further significant decrease with
increasing the number of cycles [128]. Therefore, the recharge and re-release of this
novel resin-based crown cement appeared to have the capability to be long-term.
In this study, mass fractions of 0%, 3%, and 5% DMAHDM were used to test
the effect of DMAHDM on the Ca and P ion release and recharge. Increasing the
DMAHDM mass fraction from 0% to 5% significantly affect Ca and P ion release (p <
0.05). However, increasing the DMAHDM mass fraction from 3% to 5% did not
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significantly affect Ca and P ion release (p < 0.05). The groups without DMAHDM had
a higher ion release compared to groups with DMAHDM. This could be attributed to
that the DMAHDM monomer has positively charged sites (N+), which could interact
with the negatively charged ions. Therefore, some negatively charged ions could be
retained and slightly decrease the total ions released [129]. Even though the ion release
of groups with 3% and 5% DMAHDM were lower than the group without DMAHDM,
the Ca and P ions released were greater than what was stated to achieve remineralization
of tooth structure. This remineralization level was 0.30 mmol/L for Ca ions and
0.05mmol/L for P ions [116]. Moreover, it was noted that increasing the DMAHDM
percentage significantly enhances Ca and P ion recharge over the 3 cycles (p < 0.05).
This could relate to that the positively charged DMAHDM could link and retain more
negatively charged ions from the recharge solution at pH 7. Then, when the specimen
moved to pH 4, some of these ions partially release, which likely caused a slight
increase in the ions release. In this present study, the PEHB resin used is responsible
for the rechargeability of the resin-based cement due to the presence of the PMGDM
monomer. PMGDM is an acidic monomer that contains active carboxylate groups that
may have the ability to chelate with Ca or P ions in the recharge solutions at neutral
pH, and when exposed to an acidic environment, the ions could re-release when the
bond between PMGDM and ions break down, releasing these ions into the surrounding
environment [110]. The sites previously taken by the Ca and P ions in the PMGDM
monomer become available to accept new ions from the recharge solution after the
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initial Ca and P ion release. This ability to chelate with Ca and P permits ion release
and re-uptake by the PEHB resin. The rechargeability of this novel resin-based cement
could be remarkably beneficial for high caries risk patients such as patients diagnosed
with xerostomia. By using mouthwash containing Ca and P ions for only 3 min/day for
one day, two weeks of continuous ion release could be provided, which could
considerably reduce the onset of secondary caries and provided a long-term ability for
remineralization.
The new rechargeable NACP-DMAHDM cement could provide long-term
antibacterial effects due to the immobilization of DMAHDM within the resin.
Moreover, a high level of Ca and P ion release, recharge, and re-release has the potential
to improve the long-term success of the crown cement by reducing demineralization as
well as strengthening the tooth structures and promoting remineralization. However,
further studies are needed to examine the effect of the long-term ion release on the
cement solubility. In addition, long term ion recharge and re-release need to be tested
for more than six cycles to assess whether the re-release is maintained over a long
period of time. Moreover, the new cement's antibacterial effects and remineralization
capability needed to be examined using an in-situ model simulating clinical
applications.
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CHAPTER FOUR
Novel Rechargeable Nano-Calcium Phosphate and NanoCalcium Fluoride Resin Cements
Chapter Abstract
Objective: In most clinical circumstances, secondary caries at the margin of fixed dental
restorations leads to restoration failure and replacement. Accordingly, the objectives of
this study were to: (1) develop a novel rechargeable nano-calcium phosphate (NACP)
and nano-calcium fluoride (nCaF2) resin-based cement; and (2) investigate their
mechanical properties and calcium (Ca), phosphate (P), and fluoride (F) ion release,
recharge, and re-release for the first time.

Methods: The cement matrix consisted of pyromellitic glycerol dimethacrylate
(PMGDM), ethoxylated bisphenol-A-dimethacrylate (EBPADMA) was denoted
PEHB. Four cements were fabricated: (1) PEHB+0%NACP+0%nCaF2 (experimental
control); (2) PEHB+25%NACP+0%nCaF2, (3) PEHB+0%NACP+25%nCaF2; (4)
PEHB+12.5 %NACP+12.5% nCaF2. RelyX luting cement was used as commercial
control. Mechanical properties and long-term Ca, P, and F ion release, recharge, and
re-release were evaluated.

Results: Adding 25% NACP, 25% nCaF2 and adding both 12.5% NACP and 12.5%
nCaF2 to the cement matrix presented a significantly higher shear bond strength,
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flexural strength compared to the commercial control (p < 0.05) with a comparable
outcome with no significant different (p > 0.05) compared to experimental control. The
film thickness results of all cement groups met the ISO requirement. The resin cement
group with both 12.5% NACP and 12.5% nCaF2 successfully released Ca, P, and F ions
at 3.1±0.01, 1.1±0.05, and 0.51±0.01 mmol/L respectively. Moreover, it showed the
ability to re-release Ca, P, and F ions at 0.62±0.01, 0.12±0.01, and 0.42±0.01 mmol/L
respectively.

Conclusions: The resin cement group with both 12.5% NACP and 12.5% nCaF2
demonstrated the advantages of both types of bio-interactive fillers as it could release a
higher level of ions than the resin cement with 25%nCAF2 and exhibited a better
rechargeability compared to the resin cement with 25%NACP.

Clinical Significance: The ability of this novel resin-based cement to release, recharge,
and re-release Ca, P, and F ions could be one of the keys to lengthening the survivability
of fixed dental restorations. These features could help to reduce the onset of secondary
caries by enhancing the remineralization and preventing the demineralization of tooth
structures.
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4.1. Introduction
Dental cements provide a connection or adhesive between a fixed dental restoration
and the prepared tooth, connecting them through some form of surface attachment
[130]. Resin-based cement is among the most frequently used cements for fixed dental
restoration. Resin-based dental cement is increasingly used in clinical practice due to
its excellent mechanical and physical properties [93]. They are commonly composed of
reinforcing fillers in a resin monomer matrix that is polymerized to form a solid final
phase [131]. The ideal dental cement must have a sufficient working time, comparable
stiffness and strength to dentin, low viscosity, no microleakage, minimal solubility, and
low film thickness. In addition, it must be biocompatible and have the ability to
remineralize tooth structure [61,62]. A durable and strong connection to the hard tooth
tissue is a significant factor in the success of fixed dental restorations [132]. Moreover,
the oral cavity is a complex environment with various challenges such as bacterial acid
attack and mastication forces that limit the dental restorations' long-term success [58].
Currently, the cement-tooth junction represents the weak aspect in the treatment, and
secondary caries at the margins of the restoration are the main limitation to the
longevity of such treatment [14,133]. Moreover, the accurate placement of fixed dental
restorations with an ideal marginal adaptation to the tooth structure remains a
challenging laboratory and clinical task. The marginal gap of fixed dental restorations
increases the opportunity of microleakage, plaque accumulation, and tooth
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demineralization by increasing the potential for food buildup around the margin and
exposing the tooth-cement interface to the oral cavity [98,99], which is nominally why
secondary caries predominantly occurs at the tooth-restoration junction [60].

In most clinical circumstances, secondary caries at the margin of fixed dental
restorations leads to restoration removal and replacement [133], impacting both the
individual patient and the community caries level and affecting oral healthcare's costeffectiveness and cost-benefit [59]. The tooth-restoration interface has a dynamic
balance in minerals and substances present in tooth structure and saliva [134]. The tooth
enamel and dentin will start to demineralize in a comparable pattern to primary caries
when the balance changes to an acidic environment [135]. The challenges correlated
with developing secondary caries at the dental restorations' margins were not addressed
with the current commercially available resin-based cement [22]. Thus, there is an
increased need to develop a new generation of bioactive dental cement that has the
ability to decrease tooth demineralization and enhance remineralization [136].

In the last two decades, several attempts have been made to introduce bioactivity
into resin-based materials to enhance and regenerate tooth structure [6,101,137], such
as the addition of remineralizing sources to restore lost tooth minerals through the
sustained releases of ions, such as calcium (Ca), phosphate (P) and fluoride (F) [104].
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From a clinical point of view, calcium fluoride nanoparticles (nCaF2) may reduce
the secondary caries initial formation by delivering a long-term release of Ca and F
ions[78]. nCaF2 improves minerals precipitation and deposition into tooth structures
[43]. The existence of F ions protects the tooth structure in the event of tooth
demineralization [138]. The precipitation of calcium and phosphate ions into tooth
structure could be accelerated using fluoride and forms fluorapatite [Ca5(PO4)3F].
Bacterial acid production could also be reduced using fluoride, leading to a decrease in
recurrent caries [139,140].
Another promising method to enhance mineral precipitation and deposition into
tooth structures is using amorphous calcium phosphate nanoparticles (NACP). NACP
could provide a long-term release of Ca and P ions which could improve the
precipitation and deposition of minerals into demineralized enamel and dentin [31].
Moreover, previous reports demonstrated that the local pH and bacterial acids could be
neutralized by NACP [32–34]. Furthermore, the addition of NACP into resin-based
materials provides an improved Ca and P ions release with enhanced mechanical
properties compared to conventional CaP resin-based materials due to a relatively
increased surface area of 17.76 m2/g related to the conventional CaP with a 0.5 m2/g
surface area [30,33,35]. In a previous human in situ analysis, commercial fluoridereleasing resin-based materials showed four times lower minerals regeneration in tooth
structure compared to resin-based materials with NACP [32]. In another study, tooth
minerals lost next to resin-based materials with NACP were three times lower than
those without NACP [36].
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Recently, a novel rechargeable-NACP resins-based cement was developed [141].
The nanostructured calcium phosphate was added into a rechargeable resin monomer
containing pyromellitic glycerol dimethacrylate (PMGDM) and ethoxylated bisphenol
A dimethacrylate (EBPADMA). The resin-based cement successfully released Ca and
P ion for 70 days and was able to recharge and re-release ion for three cycles. The novel
Ca and P rechargeable resins showed the potential to release ions for the long term,
which could help in tooth remineralization and reduce the onset of secondary caries.
However, the novel NACP cement did not show the ability to release F ions. F ions
could help to form fluorapatite by accelerating the precipitation of calcium and
phosphate ions into the tooth structure. Moreover, no report has been made on
developing a resin-based cement with a nanostructure calcium phosphate and
nanostructure calcium fluoride fillers that have the ability for Ca, P, and F ion-release
and recharge.

Accordingly, the objective of this study is to develop a novel rechargeable NACPnCaF2 resin-based cement that could have the ability to release Ca, P, and F. We
hypothesize that incorporating NACP-nCaF2 into the fixed dental restoration resin
cement would provide a high level of Ca, P, and F ion release, recharge, and re-release
without compromising the physical and mechanical properties of the resin cement.
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4.2. Materials and Methods

4.2.1. Experimental Design

The dual cure novel resin-based cement consisted of PMGDM (Esstech, Essington,
PA, USA), EBPADMA (Sigma-Aldrich, St. Louis, MO, USA), hydroxyethyl
methacrylate (HEMA, Esstech, Essington, PA, USA), and bisphenol a glycidyl
dimethacrylate (BisGMA) (Esstech). Benzoylthiourea (BTU, Sigma-Aldrich) was
added as an accelerator and cumene hydroperoxide (CHP, Sigma-Aldrich) was added
as a chemical initiator. Camphorquinone (CQ, Sigma-Aldrich) and Ethyl 4-N,Ndimethylaminobenzoate (4E, Sigma-Aldrich) were added as photoinitiators. 2,6ditertbutyl-4-methylphenol (BHT, Sigma-Aldrich) was added as a stabilizer. The
formulated resin matrix is termed PEHB. Each investigated group has two components:
component A and component B mixed at a 1:1 mass ratio for more information see
Table 4.1. A 1.2 μm mean size silanized barium boroaluminosilicate glass particles
(Dentsply Sirona, Milford, DE, USA) was added as a reinforcing fillers for each
experimental cement. All experimental cement were made by combining the PEHB
resin with the glass particles and the nanofillers. Speed mixer at 2400 rpm/min (DAC
150.1 FVZ-K SpeedMixerTM, FlackTec Inc., Landrum, SC, USA) were used to form
a cohesive mix cement paste. PEHB was used at filler:matrix mass ratio of 45:55
(Table 4.1). Then, the following cement groups were tested:

1.

RelyX commercial control luting cement (3M, St Paul, MN, USA) (denoted to as
“Commercial control”) (Table 4.2)
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2.

55% PEHB + 45% glass fillers + 0 % NACP + 0 % nCaF2 (denoted to as
“Experimental control”)

3.

55% PEHB + 20% glass fillers + 25% NACP + 0 % nCaF2 (denoted to as
“PEHB+NACP”)

4.

55% PEHB + 20% glass fillers + 0 % NACP + 25 % nCaF2 (denoted to as
“PEHB+nCaF2”)

5.

55% PEHB + 20% glass fillers + 12.5 % NACP + 12.5 % nCaF2 (denoted to as
“PEHB+ NACP+nCaF2”)

Table 4.1: PEHB monomers chemical composition.
Paste A
Chemical
Cumene hydroperoxide (CHP)
2,6-ditertbutyl-4-methylphenol (BHT)
PMGDM
HEMA

Paste B
Weight%
2%
0.05%
87.95%
10%

Chemical
Benzoyl thiourea (BTU)
Camphorquinone (CQ)
Ethyl-4-N,N-dimethylaminobenzoate (4E)
EBPADMA
BisGMA
HEMA

Table 4.2: RelyX luting cement (Commercial control) chemical composition.

Powder

Liquid

Fluoroaluminosilicate (FAS) glass

Methacrylated polycarboxylic acid

Potassium persulfate

Water

Ascorbic acid

HEMA

Opacifying agent

Tartaric acid
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Weight%
1%
0.4%
1.6%
77 %
10%
10%

4.2.2. Synthesis of DMAHDM Monomer, NACP and nCaF2, Fillers

DMAHDM synthesis using a modified Menschutkin reaction in which a tertiary
amine reacted with an organ-halide. Briefly, 3 g of ethanol, 10 mmol of 1bromohexadecane (TCI America, Portland, OR, USA), and 10 mmol of 2(dimethylamino) ethyl methacrylate (Millipore Sigma) were mixed in a glass vessel and
then stirred at 70 ◦C for 24h to yield a clear, colorless, and viscous liquid. Then, powder
was collected after evaporating the solvent [71].
NACP and nCaF2 was synthesized using a spray-drying technique, yielding NACP
with a mean particle size of approximately 142 nm and nCaF2 with a mean particle size
of approximately 32 nm following previous studies [30,40].

4.2.3. Dentin Shear Bond Strength Testing

Extracted human molars were mounted vertically in an Ultradent mold (Ultradent
Products, South Jordan, UT, USA) (n=10 for each group) using self-cure acrylic resin
polyethyl methacrylate diethyl phthalate (PMDP, Esschem, Linwood, PA, USA). Teeth
occlusal surfaces were trimmed until mid-coronal dentin was exposed on a model
trimmer. Then, teeth surfaces were polished with silicon carbide (SiC) abrasive paper
to a final coarseness of 120-, 320- or 600-grit. Then, 37% phosphoric acid (ScotchBond
Etchant, 3 M, St. Paul, MN) was used to etch dentin surface for 15 s, then teeth were
rinsed with water for 15 s. After that, a brush-tip applicator was used to apply primer
on a wet dentin surface. The primer contained PMGDM and HEMA at a mass ratio
3.3/1, with 50% acetone solvent. After 20 s, adhesive which consisted of 44.5%
PMGDM, 39.5% EBPADMA, 10% HEMA and 5% BisGMA with 0.2% CQ and % 0.8
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4E as photoinitiators was applied [6], then resin cement cylinders of 2.37 mm in
diameter was built and bonded on the test surface using Ultradent insert. After
approximately 80 seconds from the cement mixing time, the light cured (Labolight
DUO, GC, Tokyo, Japan) were applied for 60 seconds with a radiance emittance of
1,200 mW/cm2. Cement samples are then stored in distal water for 24 h. After that, a
load at a crosshead speed of 0.5 mm/min until bond failure was applied using a
Universal Testing Machine (MTS Insight 1, Cary, NC, USA). Shear bond strength, SBS
was calculated as follows: SBS = 4 P/(πd2), where d is the diameter of the sample and
P is the load at failure [68].

4.2.4. Flexural Strength and Elastic Modulus

A 2 × 2 × 25 mm stainless steel molds were used to fabricate samples for flexural
strength and elastic modulus experiments. Equal pastes weight from cement component
A and component B were mixed then placed into the stainless-steel mold. Mylar strips
and glass slides were used to cover the open side of the mold. Labolight DUO lightcuring unit was used for 120 s at each side at radiance emittance of 1,200 mW/cm2.
Then, the 2 × 2 × 25 mm resin cement bar were removed and polished then stored in 37
°C incubator for 24 h. After that, the cement bars were stored wet for 24 h at 37°C.
Flexural strength and elastic modulus were calculated using three-point flexure at a
crosshead-speed of 1 mm/min with a 10 mm span on a computer-controlled universal
testing machine (MTS Insight 1) following the ISO recommendations [142].

4.2.5. Film Thickness
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Cement film thickness was measured using two optically flat square glass plates
with a uniform thickness of 5 mm and a contact surface area of 200 ± 10 mm2. The
thickness of the two glass plates combined was measured (reading A). Then, after
mixing equal pasts weight from cement component A and component B, a portion of
the mixed resin cement was placed onto the center of the lower glass, and the other
glass was applied on the cement. A force of 150 N was applied centrally and vertically
to the top glass plate for (180 ± 10) s [73]. Then, a micrometer was used to measure the
thickness of the combined glass plates with the interposed film of cement (reading B).
The thickness of the resin cement was measured by subtracting reading A and reading
B [74].

4.2.6. Measurement of Initial Calcium, Phosphate and fluoride Ions Release

For of initial ions release, a sodium chloride (NaCl) solution (133 mmol/ L)
buffered to pH 4 with 50 mmol/L lactic acid was used to mimic the cariogenic condition
in the oral cavity[30,75]. Three samples of approximately 2 × 2 × 12 mm were made
using stainless steel molds, then, immersed in 50 mL of the sodium chloride solution to
generate a sample volume/solution of about 3 mm3/mL for each group comparable to
those in previous studies [6]. During the experiment, all tubes (n=9) for each group
were kept in a 37 °C incubator. The Ca, P, and F ion concentrations released from the
samples were measured at 1, 3, 5, 7, 14, 21, 28, 35, 42, 49, 56, 63, and 70 days. A 2 mL
aliquot was taken from each tube and replaced with a fresh sodium chloride solution at
each specific day. Throughout the experiment time, the pH of the incubating solution
was maintained and adjusted to pH 4. The aliquots were analyzed for Ca and P ion
concentrations via known standards and calibration curves using a spectrophotometric
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method (SpectraMax M5, Molecular Devices LLC, San Jose, CA, USA) [49]. A
selective electrode for F ion was used (Orion, Cambridge, MA, USA) to measure the F
ion release by known standards and calibration curves. The F ion concentration
measurement was accomplished by combining 0.5 mL of each sample and 0.5 mL of
TISAB solution (Fisher Scientific, Pittsburgh, PA, USA) [137].

4.2.7. Measurement of Calcium, Phosphate and fluoride Ions Recharge and Re-Release

After completion of the initial Ca, P, and F ions release for 70 days, the samples
were rinsed with water for 5 min and then immersed in a fresh 50 mL NaCl solution at
pH 4. Ion release was further measured for ten days to ensure there is no additional ion
release. Then, these ion-exhausted samples were used for the ion recharging test. The
calcium ion recharging solution contained 100 mmol/L CaCl2 and 50 mmol/L HEPES
buffer, the phosphate ion recharge solution contained 60 mmol/L KH2PO4 and 50
mmol/L HEPES buffer and the F ion recharge solution contained NaF solution with F
ion concentration of 5,000 ppm. All solutions were adjusted to pH 7 using potassium
hydroxide (KOH) [19]. Nine exhausted specimens of 2×2×12 mm, three in each tube
for each group were immersed in 5 mL of either to the Ca ion or P ion or F ion
recharging solution and gently vortexed at a power level of 3 for 1 min using Analog
Vortex Mixer (Fisher Scientific, Waltham, MA, USA) [30]. Then, to remove any
loosely attached ions on the sample surfaces, the examples were rinsed with running
distilled water for 1min; thus, only the ions recharged into the interior of the cement
samples were measured in the subsequent re-release test. This recharge cycle was
repeated three times at 10 AM, 2 PM and 6 PM. After that, the recharged samples were
immersed in a 50 mL of the pH 4 NaCl solution. This immersion was to measure the
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Ca, P, and F ion re-release on days 1, 2, 3, 5, 9, 11, and 14. A total of three cycles of
the recharge and re-re- lease were performed [137].

4.2.8. Statistical Analysis

Shapiro-Wilk test was performed to confirm equal variance of data and the
normality. One-way analyses of variance (ANOVA) and Tukey comparison tests were
performed to detect the significant effects of the dependent variables in the in the
mechanical properties, Ca, P, and F initial ion release and recharge and re-release. All
the statistical analyses were performed using GraphPad Prism 9 software package
version 9.1.0 (GraphPad Software, San Diego, CA, USA) at 0.05 significance level.

4.3. Results
4.3.1. Dentin Shear Bond Strength
The dentin shear bond strength results are presented in Figure 4.1 (mean ±
sd; n = 10). Adding 25% NACP, 25% nCaF2 and both 12.5% NACP and 12.5% nCaF2
to the cement matrix presented a significantly higher shear bond strength compared to
the commercial control (p < 0.05) with a comparable outcome with no significant
different (p > 0.05) compared to experimental control. These results indicate that adding
25% NACP, 25% nCaF2 and both 12.5% NACP and 12.5% nCaF2 did not significantly
reduce dentin shear bond strengths of the resin cement.
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Figure 4.1: Dentin shear bond strengths after 24 h in water (mean ± sd; n = 10).
Resin based cement with 25% NACP, 25% nCaF2 and both 12.5% NACP and
12.5% nCaF2 showed a comparable outcome with no significant different (p > 0.05)
compared to experimental control and a significantly higher shear bond strength
compared to the commercial control (p < 0.05). These results indicate that adding
25% NACP, 25% nCaF2 and both 12.5% NACP into the resin matrix did not
significantly reduce dentin shear bond strengths of the resin cement. Different
letters denote a significant difference (p < 0.05).

4.3.2. Flexural Strength and Elastic Modulus
Flexural strength and elastic modulus results of the cement are presented in Figure
4.2 (mean ± sd; n = 10). The incorporation of 25% NACP, 25% nCaF2 and both 12.5%
NACP and 12.5% nCaF2 in the resin matrix resulted in higher flexural strength values
compared to the commercial control (p < 0.05). Experimental control resin cement
revealed the highest flexural strength among the experiment groups with a statistically
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significant difference compared to the commercial control (p < 0.05). However, it
showed comparable results to other groups (p > 0.05). These outcomes demonstrate that
the incorporation of 25% NACP, 25% nCaF2 and both 12.5% NACP and 12.5% nCaF2
in the resin cement did not significantly reduce the flexural strength.
The elastic modulus values of commercial control group were significantly higher
than all other groups (p < 0.05). The addition of 25% nCaF2 and both 12.5% NACP and
12.5% nCaF2 in the resin cement resulted in comparable elastic modulus values to the
experimental control (p > 0.05). The addition of 25% NACP in the resin cement resulted
in higher elastic modulus values compared to the experimental control (p > 0.05).
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Figure 4.2: (A) Flexural strength, and (B) Elastic modulus after 24 h in water
(mean ± sd; n = 10). Adding 25% NACP, 25% nCaF2 and both 12.5% NACP and
12.5% nCaF2 in the resin matrix resulted in higher flexural strength values
compared to the commercial control (p < 0.05). Experimental control resin cement
revealed the highest flexural strength among the experiment groups. However, it
showed comparable results to other experimental groups (p > 0.05). The elastic
modulus values of commercial control group were significantly higher than all
other groups (p < 0.05). The addition of 25% NACP and both 12.5% NACP and
12.5% nCaF2 in the resin cement resulted in higher elastic modulus values
compared to the experimental control (p > 0.05). and comparable elastic modulus
values to the experimental control. These outcomes demonstrate that the addition
of 25% NACP, 25% nCaF2 and both 12.5% NACP and 12.5% nCaF2 in the resin
cement resulted in a comparable outcome in term of flexural strength and elastic
modulus. Different letters denote a significant difference (p < 0.05).
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4.3.3. Film Thickness
The cement's film thickness values are presented in Figure 3(mean ± sd; n = 5).
Experimental control resin cement revealed the lowest film thickness among the
experiment groups with a statistically significant difference compared to other groups
(p < 0.05). Resin cements with 25% NACP, 25% nCaF2 and both 12.5% NACP and
12.5% nCaF2 demonstrated comparable film thickness (p > 0.05). The film thickness
results of all cement groups had values below 50 µm which met the ISO requirement.

Figure 4.3: Cement film thickness (mean ± sd; n = 5). Experimental control
resin cement revealed the lowest film thickness among the experiment groups
with a statistically significant difference compared to other groups (p < 0.05).
Resin cements with 25% NACP, 25% nCaF2 and both 12.5% NACP and 12.5%
nCaF2 demonstrated comparable film thickness (p > 0.05). The film thickness
results of all cement groups had values below 50 µm which met the ISO
requirement. Different letters denote a significant difference (p < 0.05).

100

4.3.4. Initial Calcium, Phosphate, and Fluoride Ions Release
The initial Ca, P, and F ion released from cement specimens are plotted in Figure
4.4 (mean ± sd; n = 9). For initial Ca ion release, at 70 days, resin cement with 25%
NACP had the highest Ca ion release at (6.7 ± 0.08) mmol/L (p < 0.05), followed by
resin cement with both 12.5% NACP and 12.5% nCaF2 (3.1 ± 0.01) mmol/L (p < 0.05)
and resin cement with 25% nCaF2 (2.1 ± 0.01) mmol/L (p < 0.05). The commercial
control cement displayed the least release of Ca ion at (1.6 ± 0.001) mmol/L (p < 0.05).
The initial Ca ion release is shown in Figure 4.4A.
For initial P ion release, among all cement groups, the addition of 25% NACP in
the resin cement resulted in the highest P ion release at (2.1 ± 0.09) mmol/L (p < 0.05),
followed by resin cement with the addition of 12.5% NACP and 12.5% nCaF2 (1.1 ±
0.05) mmol/L (p < 0.05). The commercial control cement had a release of (0.25 ± 0.05)
mmol/L. The resin cement with 25% nCaF2 revealed the lowest results with close to
zero release of P ion (0.001 ± 0.001) mmol/L (p < 0.05). The initial P ion release is
plotted in Figure 4.4B
For initial F ion release, the commercial control cement had the highest F ion
release at (4.3 ± 0.17) mmol/L, followed by resin cement with 25% nCaF2 (1.8 ± 0.04)
mmol/L (p < 0.05) and resin cement with both 12.5% NACP and 12.5% nCaF2 (0.51±
0.01) mmol/L (p < 0.05). The resin cement with 25% NACP revealed limited F ion
release (0.01 ± 0.01) mmol/L (p < 0.05). The initial F ion release is plotted in Figure
4.4C.
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Figure 4.4: The initial calcium, phosphate, and fluoride ion released from cement
specimens (mean ± sd; n = 6). (A) calcium ion release, (B) phosphate ion release,
and (C) fluoride ion release. The resin cement with both 12.5% NACP and 12.5%
nCaF2 demonstrated the advantages of both types of nanofillers; it showed the
ability to release a high level of Ca, P, and F ions.
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4.3.5 Calcium, Phosphate, and Fluoride Ions Recharge and Re-Release
The results of the three cycles of ion recharge and re-release of cement
specimens are plotted in Figures 4.5 (mean ± sd; n = 3). At day 14 of the last recharge
cycle, the Ca ion re-release was the highest in resin cement with 25% nCaF2 at (0.69 ±
0.001) mmol/L (p < 0.05), followed by resin cement with both 12.5% NACP and 12.5%
nCaF2 (0.62 ± 0.001) mmol/L (p < 0.05), then commercial control cement (0.56 ±
0.001) mmol/L (p < 0.05). The resin cement with 25% NACP showed the least rerelease of Ca ion at (0.41 ± 0.001) mmol/L (p < 0.05). The results of the three cycles of
ion recharge and re-release of Ca ion are plotted in Figures 4.5A.
For P ion re-release, at day 14 of the last recharge cycle, the resin cement with both
12.5% NACP and 12.5% nCaF2 had the highest re-release (0.12 ± 0.01) mmol/L,
followed by resin cement with 25% NACP (0.094 ± 0.01) mmol/L, then commercial
control cement (0.089 ± 0.01) mmol/L (p < 0.05). The resin cement with 25% nCaF2
had the lowest P ion re-release (0. ± 0.05) mmol/L (p < 0.05). The results of the three
cycles of ion recharge and re-release of P ion are plotted in Figures 4.5B.
For F ion re-release, at the last day of the third recharge cycle, the commercial
control cement had the highest re-release of (1.53 ± 0.01) mmol/L, followed by resin
cement with 25% nCaF2 (0.71 ± 0.01) mmol/L, then the resin cement with both 12.5%
NACP and 12.5% nCaF2 (0.42 ± 0.01) mmol/L (p < 0.05). The resin cement with 25%
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NACP had the lowest F ion re-release (0.15 ± 0.02) mmol/L (p < 0.05). The results of
the three cycles of ion recharge and re-release of F ion are plotted in Figures 4.5C.
Each group's re-release reached similar ion concentration levels for each cycle,
indicating that the ion re-release was consistent with no or minimum decrease from the
first to the third cycle except for P ion re-release for resin cement with 25% NACP as
seen in Figures 4.6. These outcomes demonstrate that the concentration of ions released
is reasonably stable, with no or minimal decline of ion release throughout the three
cycles.
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Figure 4.5: Calcium, phosphate, and fluoride ion recharge and re-release from the
rechargeable cement samples after 80 days. (A) calcium ion release, (B) phosphate
ion release, (C) fluoride ion release (mean ± sd; n = 3). Each recharge cycle was
followed by two weeks of continuous release without any recharge during those
time.
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Figure 4.6: Ca and P ion re-release concentrations at the last day (day 14) for each
cycle of recharge and re-release. (A) calcium ion release, (B) phosphate ion release, (C)
fluoride ion release.
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4.5. Discussion
In this study, a novel rechargeable nano calcium phosphate and nano calcium
fluoride resin-based cement were developed for the first time, achieving successful
release, recharge, and re-release of Ca, P, and F ions. The novel dual cure NACP and
nCaF2 cement showed a potential for clinically significant recharging/re-releasing
capability with good initial mechanical properties. The current report represents the first
study to examine the rechargeability of a novel NACP and nCaF2 cement providing Ca,
P, and F ion releasing components. The hypotheses were proven that incorporating
NACP-nCaF2 into the fixed dental restoration resin cement would provide a high level
of Ca, P, and F ion release, recharge, and re-release without compromising the physical
and mechanical properties. The new cement could increase the Ca, P, and F ion
concentrations around fixed dental restoration margins that could help decrease
demineralization and enhance remineralization, which could help reduce the onset of
secondary caries.
The tooth-cement interface is critical zone with a dynamic equilibrium in minerals
and substances present in tooth structure and saliva [143]. The bacterial biofilm acidic
attack could shift this balance, leading to secondary caries, causing a failure in the fixed
dental restoration [144]. The balance shift between minerals lost or gained over time
determines if dental caries will relapse, progress, or stabilize [145]. Enhancement of
remineralization could be achieved when the Ca, P, and F ion concentrations at the
dentin-cement junction exceed the surrounding oral fluids [146]. Precipitation of ions
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into the tooth-cement interface is essential as ion re-incorporation may help repair
caries-infected and caries-affected tooth structure. Moreover, the remineralized tooth
structure may be more resistant to degradation in the oral environment and be able to
resist biofilm acids [18,19].
Enamel and dentin are mineralized tooth structures composed predominantly of
inorganic material, hydroxyapatite crystals [147,133]. Hydroxyapatite is comprised
mainly of calcium and phosphate [Ca10(PO4)6(OH)2] also contains a low percentage of
carbonate molecules sodium, magnesium, potassium, chloride, and zinc [148].
Hydroxyapatite in the oral cavity is in an equilibrium reaction between the ionic form
of calcium and phosphate and precipitation of hydroxyapatite crystals [149]. In an
acidic environment, the reaction will continue toward crystal breakdown with the
release of ionic components [150]. However, when the pH returns to neutral or alkaline
level and with the availability of optimal concentrations of Ca and P ions, damaged
hydroxyapatite crystals could return to the crystalline form and become larger and more
acid-resistant than the original crystals [148,151]. High magnesium and carbonate
content in hydroxyapatite crystals are related to smaller crystal size and acid
susceptibility [151]. With crystal demineralization, magnesium and carbonate are
released but will not completely return upon remineralization [152]. When F is
available, it may accelerate Ca and P precipitation and become included in the new
hydroxyapatite crystals during remineralization, which may lead to the formation of a
crystal with a larger size and more resistance to acid attack. The new crystal is called
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fluoridated hydroxyapatite, and is formed when F replaces hydroxyl groups in
hydroxyapatite [153]. Therefore, the development of new NACP-nCaF2 resins-based
cement could be highly beneficial to combat secondary caries by providing sustained
Ca, P, and F ion release at the margins. The availability of Ca, P, and F ions could help
not only to enhance remineralization but also to facilitate the formation of fluoridated
hydroxyapatite which is more resistant to acid attack.
Incorporating NACP and nCaF2 is a promising strategy for remineralizing and
enhancing tooth structure [31,136]. The small particle size and high surface area are
significant advantages of nanoparticle fillers. In the current investigation, a spraydrying technique was used to make NACP at a particle size of 142 nm and nCaF2 at 32
nm. This characteristic facilitates the use of a lower load of the bio-interactive fillers to
achieve a high level of ion release. The cement group with 25% NACP presented the
highest initial Ca and P ion release levels in this study. However, this group did not
show a significant release of F ion. On the other hand, RelyX commercial control luting
cement group and the experimental cement group with 25% nCaF2 showed the ability
to release a high level of F ion. Conversely, they showed a low level of P ion release.
The resin cement with both 12.5% NACP and 12.5% nCaF2 demonstrated the
advantages of both types of nanofillers; it showed the ability to release a high level of
Ca, P, and F ions.
For ions recharge and re-release over the three cycles, the resin cement with 25%
nCaF2 and both 12.5% NACP and 12.5% nCaF2 demonstrated the highest recharge and
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re-release of Ca ion. For P ion recharge and re-release, the resin cement with both 12.5%
NACP and 12.5% nCaF2 demonstrated the highest recharge and re-release of P ion,
even though that cement group with 25% NACP showed the highest initial release for
both Ca and P ion. For the F recharge and re-release, the results showed a similar pattern
for the initial F release with the highest recharge and re-release for the commercial
control group followed by the resin cement with 25% nCaF2 and both12.5% NACP and
12.5% nCaF2.
Different patterns of initial ion release and recharge and re-release of the resinbased materials could be related but not limited to three factors. First, the type of resin
matrix used; previous studies have revealed that different types of resin matrix
correlated with a different level of ion release using the same type and level of biointeractive fillers [49,137]. Second, the type of bio-interactive fillers used. In this study,
when comparing the Ca release from resin cement containing NACP and resin cement
containing nCaF2 bio-interactive fillers, the NACP demonstrated a much higher initial
Ca release than nCaF2 though the same weight percentage of each nanofiller was used.
The third potential explanation, which is related more to the rechargeability, is the
amount of remaining bio-interactive fillers that persisted in the resin matrix after the
initial release and exhaustion of the materials. In this study, the NACP group showed a
very high initial Ca release; this could reduce the amount of Ca ion that remains within
the resin matrix compared to the nCaF2, which showed a significantly lower initial Ca
release. A higher level of Ca ions in the resin matrix could improve the ability of the
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materials to recharge. A previous study showed that the PEHB resin matrix did not
show a significant Ca or P rechargeability when accompanied with only glass with no
addition of bio-interactive fillers that contained Ca and P ions [49]. In this study, the
resin cement with both 12.5% NACP and 12.5% nCaF2 demonstrated the advantages
of both types of bio-interactive fillers as it could release a higher level of ions than the
resin cement with 25% nCAF2 fillers and showed a better rechargeability compared to
the resin cement with 25% NACP fillers. The ability of this novel resin-based cement
to be recharged with Ca, P, and F could be extremely beneficial for high caries risk
patients such as patients diagnosed with xerostomia. Initiation of secondary caries could
be greatly reduced by using mouthwash containing Ca, P, and F ions for only one day
as it could provide continuous ion release for 14 days which could help enhance the
long-term ability for tooth structure remineralization. Moreover, the ion release of this
cement with both NACP and nCaF2 were much higher than what was reported
necessary to achieve remineralization of tooth structure, 0.30 mmol/L for Ca ions,
0.05mmol/L for P ions and 0.015mmol/L for F ions [40,116].
For long-lasting fixed restoration in addition to remineralization properties, another
essential requirement for any resin-based cement is appropriate mechanical properties
[154]. The present analysis presented that the incorporation of NACP, nCaF2, and both
NACP and nCaF2 in the resin matrix resulted in comparably flexural strength values to
the experimental control resin cement and higher values compared to the commercial
control. Conversely, all the experimental resin-based cement reached elastic modulus
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results comparable to the experimental control and lower than the commercial control
cement. Nevertheless, the decrease in the elastic modulus could be attributed to an
insignificant effect on the dental cement performance due to the thin cement film
thickness. The addition of NACP, nCaF2, or both NACP and nCaF2 significantly
increased the cement thickness compared to the experimental control cement; however,
the resulted film thickness values were comparable to the commercial control cement
and still within the recommended range of the ISO standard [86]. Resin-based cement
micro-mechanical interlocking through resin penetration into the demineralized
superficial layer of dentin is the key feature [87]. Microleakage and reduced bond
durability could be a result of incomplete resin infiltration into dentinal tubules, which
could subsequently reduce the long-term success [88]. In the oral cavity, most of the
stresses in the tooth-cement interface occur as a form of shear stress. Consequently, a
critical mechanical aspect in the long-term success of the resin cement restoration is the
bond strength to the tooth structure [89]. In the present analysis, the addition of NACP,
nCaF2, or both NACP and nCaF2 into the resin cement exhibited comparable results to
experimental control and showed a significantly higher value compared to the
commercial control. There is a strong correlation between the bonding strength of the
cement and the severity of microleakage [88]. Excellent bonding to tooth structure
could contribute to enhancing the long-term success of the fixed restorations by
reducing the microleakage and preventing secondary caries. As the RelyX commercial
control luting cement shows a high clinical success when used for cementation of fixed
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restoration [92], the novel NACP+nCaF2 resin-based cement with enhanced mechanical
properties and remineralization capability may also be appropriate for similar use.
The new rechargeable NACP-nCaF2 cement could improve the long-term success
of the fixed dental restoration by reducing demineralization as well as strengthening the
tooth structures and promoting remineralization through the high level of Ca, P, and F
ion release, recharge, and re-release. However, further studies are needed to investigate
the new cement's remineralization capability using a more clinically relevant model.
Furthermore, additional studies are needed to investigate the long-term performance of
the new cement, such as mechanical performance, bond strength, and long-term
recharge and re-release for more than three cycles.

CHAPTER FIVE
Novel Antibacterial Low Shrinkage Stress Resin-Based
Cement

Chapter Abstract
Objective: A low-shrinkage-stress resin-based cement with antibacterial properties
could be beneficial to create a cement with lower stress at the tooth-restoration
interface, which could help to enhance the longevity of the fixed dental restoration by
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reducing microleakage and recurrent caries. To date, there has been no report on the
development of a low-shrinkage-stress and bio-interactive cement. Therefore, the
objectives of this study were to develop a novel low-shrinkage-stress resin-based
cement

containing

dimethylaminohexadecyl

methacrylate

(DMAHDM)

and

investigate the mechanical and antibacterial properties for the first time.

Methods: The monomers urethane dimethacrylate (UDMA) and triethylene glycol
divinylbenzyl ether (TEG-DVBE) were combined and denoted as UV resin. Three
cements were fabricated: (1) UV+0%DMAHDM (experimental control); (2)
UV+3%DMAHDM, (3) UV+%5DMAHDM. RelyX Ultimate cement was used as
commercial control. Mechanical properties and Streptococcus mutans (S. mutans)
biofilms growth on cement were evaluated.

Results: The novel bio-interactive cement demonstrated excellent antibacterial and
mechanical properties. Compared to commercial and experimental controls, adding
DMAHDM into the UV cement significantly reduced colony forming unit (CFU)
counts by approximately 7 orders of magnitude, metabolic activities from 0.29±0.03
A540/cm2 to 0.01±0.01 A540/cm2, and lactic acid production from 22.3±0.74 mmol/L to
1.2±0.27 mmol/L (n=6) (p<0.05). The low-shrinkage-stress cement demonstrated a
high degree of conversion of around 70%, while reducing the shrinkage stress by
approximately 60%, compared to a commercial control (p < 0.05).
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Conclusions: The antibacterial low-shrinkage-stress resin-based cement provides
strong antibacterial action and maintains excellent mechanical properties with reduced
polymerization shrinkage stress. The novel antibacterial cement could improve the
long-term success of the fixed dental restoration by reducing stresses and microleakage
at the tooth-restoration interface, preventing demineralization, and inhibiting secondary
caries.

Clinical Significance: A low-shrinkage-stress resin-based cement containing
DMAHDM was developed with potent antibacterial effects and promising mechanical
properties. This cement may potentially enhance the longevity of fixed dental
restoration such as a dental crown, inlay, onlay, and veneers through its excellent
mechanical properties, low shrinkage stress, and strong antibacterial outcome.

5.1. Introduction

Today, around 178 million persons in the United States are missing one or more
teeth. Over the next two decades, this number is expected to grow due to aging [1].
Teeth have an essential part in healthy human life as the loss of teeth leads to loss of
proper oral cavity function, which could compromise systematic health by reducing the
ability to eat a balanced diet. Moreover, loss of teeth could also compromise esthetics,
negatively impacting social function [2]. Dental crowns and fixed dental restoration
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could restore both function and esthetics of a healthy oral cavity [3]. As a restorative
material of choice, ceramic restoration has become increasingly common because of its
esthetics, biocompatibility, and inertness. Currently, more than 80 % of fixed dental
restoration in the United States are all-ceramic restorations [155].

Cementation between ceramic restoration and tooth structure is an essential step to
ensure the success and longevity of ceramic restorations [4]. Cementation can be
performed utilizing non-adhesive or adhesive materials. Non-adhesive cementation
involves using a luting agent which fills the space between the fixed restoration and
tooth structure. On the other hand, adhesive cementation involves the use of adhesive
resin-based cement, which promotes bonding between restoration and tooth structure
[5]. Silica-based ceramic restorations are inherently brittle and have limited fracture
strength. Previous studies have shown that resin-based cements could provide a strong
bond to the ceramic restoration and improve fracture strength [156]. Commonly used
resin based cement has characteristics and compositions similar to conventional dental
composites containing an inorganic filler mixed in low viscosity monomers formulated
from bisphenol A- glycidyl methacrylate (Bis-GMA), triethylene glycol dimethacrylate
(TEGDMA), or urethane dimethacrylate (UDMA) [5].

Volumetric shrinkage is one of the main concerns of resin-based types of cement.
This dimensional change could lead to stress generation at the cement-tooth and
cement-restoration interface [157]. Cement mass plays a critical part in shrinkage
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stresses; a greater cement mass is associated with higher polymerization stresses [158].
However, shrinkage stresses and plastic deformations could also be found in very thin
layers of resin cement [159]. During polymerization, residual stress development could
lead to recurrent caries, post-operative sensitivity, and interfacial debonding [56].
Several approaches have been introduced to address this problem. One such method
involves an alteration of the resin-based material filler using polymeric nanogels or
epoxy oligomers to reduce the shrinkage stress [160,161]. Another approach involves
a modification of the chemistry of the resin matrix, such as step-growth thiol-ene resin
system, silorane resin system, and epoxy resin system [162,163]. These modifications
aim to reduce the shrinkage stress without affecting the bioactivity of the resin-based
materials.

Recently, a unique low-shrinkage-monomer was formulated using a combination
of UDMA and triethylene glycol divinylbenzyl ether (TEG-DVBE) [51]. UDMA is a
high molecular weight monomer with a higher ability to resist components leaching
and create more crosslinking than BisGMA due to its low reactive group concentration
available for polymerization [53,54]. These characteristics could significantly enhance
the strength and conversion of the resin-based material without increasing the
polymerization shrinkage [51]. On the other hand, TEG-DVBE is a low viscosity etherbased monomer with the ability to resist hydrolytic challenges and used as a diluted
monomer in this system [51]. This combination of UDMA and TEG-DVBE (UV resin)
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has a slow polymerization rate, resulting in a delayed gel point. The longer time taken
by the UDMA/TEG-DVBE system to polymerize and reach rigidity allows lower
contraction stress accumulation at the resin interface and higher stress relaxation [51].
The UV resin has a hydrophobic flexible structure with a high degree of conversion,
which significantly withstands enzymatic and hydrolytic degradation, lowers water
sorption, and reduces polymerization shrinkage stress [53,55]. There has been no report
on developing low-shrinkage-stress cement. Therefore, the development of lowshrinkage-stress resin-based cement could be beneficial to create a cement with lower
stress at the tooth- restoration interface, which could help to enhance the longevity of
the fixed dental restoration by reducing recurrent caries, postoperative sensitivity, and
interfacial debonding [56,57].

Another promising approach to enhance the long-term success of fixed dental
restoration is to use an antibacterial monomer. Previous studies have shown that
dimethylaminododecyl methacrylate monomer (DMAHDM) with a chain length of 16
is a long-lasting, highly effective antibacterial monomer against various oral cavity
biofilm [39,40]. DMAHDM is a contact-killing monomer that has the ability to be
copolymerized with resin matrices [41]. This type of quaternary ammonium
methacrylate (QAMs) could interact with the negatively charged bacterial cell
membrane by its a positively charged quaternary amine, N+, leading to bacterial cell
disruption and cytoplasmic leakage due to electrical imbalance [77]. Resin-based
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materials with DMAHDM such as composites, sealer, adhesives, and cement were
developed and revealed strong and long-lasting antibacterial effects against cariogenic
biofilm [6,39,40]. However, there has been no report on developing low-shrinkagestress cement with an antibacterial monomer. Therefore, the development of a new
generation of low-shrinkage-stress dental cement with antibacterial capability could be
a key factor for the long-term success of fixed dental restoration.

Manufacturing fixed dental restorations with ideal marginal adaptation to the tooth
structure is still one of the most challenging clinical and laboratory tasks. Indirect
restoration’s marginal gap could increase the probability of plaque accumulation,
microleakage, recurrent caries, nonsurgical endodontic treatment, and periodontal
disease [14]. Moreover, cement polymerization residual stress could lead to interfacial
debonding at tooth-restoration interfaces, recurrent caries, and post-operative
sensitivity [51].

Therefore, the clinical usage of a low-shrinkage-stress cement could help create
fewer stresses at the tooth restoration interface, reducing the amount of microleakage
and bacterial penetration. Moreover, the addition of the DMAHDM in the resin matrix
may play a critical role in inhibiting bacterial biofilm growth at the tooth-restoration
interface, which could inhibit future caries and enhance the long-term success of the
fixed dental restoration.
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Therefore, the objectives of this study were to develop a novel low-shrinkage-stress
resin-based cement and investigate the mechanical and antibacterial properties for the
first time. We hypothesized that: (1) the new low-shrinkage-stress cement would have
lower polymerization shrinkage stress than the commercial control cement, (2)
incorporating DMAHDM into the low-shrinkage-stress cement would not compromise
the mechanical and physical properties compared to the commercial control cement, (3)
the novel bio-interactive low-shrinkage-stress cement would have superior antibacterial
properties than the commercial control cement.

5.2. Materials and Methods
5.2.1. Experimental Design
The dual cure low-shrinkage-stress resin-based cement consisted by mass of 55.8%
1,6-bis(methacryloxy-2-ethoxycarbonylamino)−2,4,4-trimethylhexane

(UDMA)

(Esstech, Essington, PA, USA), and 44.2% triethylene glycol divinylbenzyl ether
(TEG-DVBE) at1:1 molar ratio. [51,164]. TEG-DVBE was synthesized following a
previous study [51]. Then, 0.8% ethyl 4-N, N- diethylaminobenzoate (Millipore Sigma,
Burlington, MA, USA), and 0.2% of camphorquinone (Millipore Sigma) were
incorporated as photoinitiators. Benzoylthiourea (BTU, Sigma-Aldrich, St. Louis, MO,
USA) was added as a chemical accelerator, and cumene hydroperoxide (CHP, SigmaAldrich) was added as a chemical initiator. This resin combination of UDMA/ TEGDVBE is referred to as UV resin. Each investigated cement has two pastes: paste A
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with the chemical initiator and paste B with the chemical accelerator mixed at a 1:1
mass ratio; for more information, see Tables 5.1, 5.2, 5.3, and 5.4.
For each experimental cement, a silanized barium boroaluminosilicate glass with a
mean particles size of 1.2 μm (Dentsply Sirona, Milford, DE, USA) was added as a
reinforcing filler. A cohesive cement paste for all experimental groups was made by
combining the UV resin with the glass particles using a speed mixer at 2400 rpm/min
(DAC 150.1 FVZ-K SpeedMixer™, FlackTec Inc., Landrum, SC, USA). A
filler:matrix mass ratio of 62.5:27.5 was used. Then, the following cement groups were
tested:
1.

RelyX Ultimate (3M, St Paul, MN, USA) (denoted to as “Commercial control”)
(Table 5.1)

2.

67.5 % UV + 37.5% glass fillers + 0 % DMAHDM (denoted to as “Experimental
control”) (Table 5.2)

3.

64.5 % UV + 37.5% glass fillers + 3 % DMAHDM (denoted to as
“UV+3%DMAHDM”) (Table 5.3)

4.

62.5 % UV + 37.5% glass fillers + 5 % DMAHDM (denoted to as
“UV+5%DMAHDM”) (Table 5.4)

Table 5.1: RelyX Ultimate cement composition.
Paste A
Methacrylate monomers,
Radiopaque silanated fillers
Initiator components,
Stabilizers

Paste B
Methacrylate monomers
Radiopaque Alkaline fillers
initiator components
Stabilizers
Pigments
Rheological additives
Fluorescence dye
Dark polymerize activator

121

Table 5.2: UV monomers chemical composition with 0% DMAHDM
Paste A
Weight% Paste B
Cumene hydroperoxide (CHP) 2%
Benzoyl thiourea (BTU)
2,6-ditertbutyl-4-methylphenol
0.05%
Camphorquinone (CQ)
(BHT)
Ethyl-4-N,Ndimethylaminobenzoate (4E)
UV
97.95%
UV

Weight%
1%
0.4%
1.6%
97%

Table 5.3: UV monomers chemical composition with 3% DMAHDM
Paste A
Weight% Paste B
Cumene hydroperoxide (CHP) 2%
Benzoyl thiourea (BTU)
2,6-ditertbutyl-4-methylphenol
0.05%
Camphorquinone (CQ)
(BHT)
Ethyl-4-N,Ndimethylaminobenzoate (4E)
UV
89.95%
UV
DMAHDM
8%
DMAHDM

Weight%
1%
0.4%
1.6%
89%
8%

Table 5.4: UV monomers chemical composition with 5% DMAHDM
Paste A
Weight% Paste B
Cumene hydroperoxide (CHP) 2%
Benzoyl thiourea (BTU)
2,6-ditertbutyl-4-methylphenol
0.05%
Camphorquinone (CQ)
(BHT)
Ethyl-4-N,Ndimethylaminobenzoate (4E)
UV
84.61%
UV
DMAHDM
13.33%
DMAHDM
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Weight%
1%
0.4%
1.6%
83.666%
13.33%

Table 5.5: ScotchBond universal adhesive composition.
Composition
MDP phosphate monomer
Dimethacrylate resins
HEMA
Methacrylatemodified
polyalkenoic acid copolymer
Filler
Ethanol
Water
Initiators
Silane

5.2.2. Synthesis of DMAHDM Monomer

A modified Menschutkin reaction following a previous study was used to synthesis
DMAHDM [6]. Briefly, a glass vessel was used to mix 3 g of ethanol, 10 mmol of 1bromohexadecane (TCI America, Portland, OR, USA), and 10 mmol of 2(dimethylamino) ethyl methacrylate (Millipore Sigma) then this mixture was stirred
overnight at 70 °C to yield a viscous and transparent liquid. Then, DMAHDM powder
was collected after evaporating the ethanol [71].
5.2.3. Dentin Shear Bond Strength Testing
Self-cure acrylic resin polyethyl methacrylate diethyl phthalate (PMDP, Esschem,
Linwood, PA, USA) was used to mount extracted human molars vertically (n=20 for
each group). The mounted teeth were trimmed using a model trimmer until mid-coronal
dentin was exposed. Then, teeth exposed surfaces were polished to a final coarseness
of 120-, 320- or 600-grit with silicon carbide (SiC) abrasive paper. Then, 37%
phosphoric acid (ScotchBond Etchant, 3 M, St. Paul, MN) was used to etch the dentin
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surface for 15 s, and then teeth were rinsed with water for 15 s. The dentine surface was
blotted dry and left slightly moist. After that, ScotchBond universal adhesive (3M)
(Table 5.5) was applied and scrubbed for 20 s. Then, using an Ultradent insert, a resin
cement cylinder of 2.37 mm in diameter was built and bonded on the dentin surface.
Light cure (Labolight DUO, GC, Tokyo, Japan) was applied for 60 s with a radiance
emittance of 1,200 mW/cm2 after approximately 80 seconds from the initial cement
mixing time. Distilled water was used to store cement samples for 24 h in a 37 °C
incubator. After that, a Universal Testing Machine (MTS Insight 1, Cary, NC, USA)
was used to apply a load at a crosshead speed of 0.5 mm/min until bond failure. Then,
shear bond strength, SBS was calculated using the following equation 4 P/(πd2), where
P is the load at failure and d is the diameter of the sample [68].

5.2.4. Flexural Strength and Elastic Modulus

Equal paste weights from cement paste A and paste B were mixed then placed into
a 2 × 2 × 25 mm stainless steel mold. Glass slides and Mylar strips were used on both
sides of the mold. Cement samples were light cured (Labolight DUO) for 60 s on each
side. Then, the cement bars (n=10 for each group) were removed and polished, then
stored in 37 °C incubator for 24 h. After that, the cement bars were stored in distilled
water for 24 h at 37 °C. Flexural strength and elastic modulus were calculated using a
three-point flexural test with a 10 mm span on a computer-controlled universal testing
machine (MTS Insight 1) following the ISO recommendations [137,142].
5.2.5. Film Thickness
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Two optically flat square glass plates with a uniform thickness of 5 mm and a
contact surface area of 200 ± 10 mm2 were used to measure cement film thickness. In
this method, the first reading (reading A) was taken by measuring the combined
thickness of the two glass plates only. Then, equal pastes weight from cement paste A
and paste B was mixed and placed onto the center of the lower glass, and the upper
glass was placed on the mixed paste. Then, a force of 150 N was applied to the top glass
plate centrally and vertically for (180 ± 10) s [73]. Then, a second reading (reading B)
was taken by measuring the combined thickness of two glass plates with the cement
using a micrometer. The film thickness of the resin cement was calculated by
subtracting reading A and reading B [74].
5.2.6. Polymerization shrinkage stress and degree of conversion

A cantilever beam-based tensometer was used to measure the polymerization
shrinkage stress of each resin cement paste. The tensometer with a built-in high-speed
near-infrared (NIR) spectrometer setup permits simultaneous monitoring of the realtime double-bond conversion in transmission. In this method, a 2 mm in height and 2.5
mm in diameter disk-shaped specimen of each resin cement paste (n=3 for each group)
was placed between two flat methacrylate-silane-treated quartz rods. The upper rod was
connected to the cantilever beam tensometer, and the lower one was fixed to the base.
A curing light from the lower rod (LZ1-10DB0, LED Engin High Pow-der LEDs,
Mouser Electronics, Mansfield, TX; 60 s irradiation, 1000 mW/cm2 intensity) was used.
The double-bond (6165 cm−1) conversion measurement was done by using the NIR
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signal through the sides of the sample using fiberoptic cables. The synchronized
polymerization shrinkage stress and degree of conversion were calculated continuously
for 5 min following a previous study method [165,166].

5.2.7. Streptococcus mutans (S. mutans) Biofilm Model
5.2.7.1. Sample Preparation
Cement disks with a diameter of 8 mm and a thickness of 1 mm were made using
polytetrafluoroethylene molds. Samples were light cured (Labolight DUO) for 60 s on
each surface and incubated for 24 h in a 37 °C incubator. Then, to remove unreacted
monomers, samples were immersed and stirred at 125 rpm in distilled water for 1 h
[22]. Cement disks were sterilized using ethylene oxide (Anprolene AN74i, Andersen,
Haw River, NC, USA) and de-gassed for seven days to ensure the complete removal of
entrapped ethylene oxide [40].
5.2.7.2. S. mutans Biofilm Formation
Brain heart infusion broth (BHI, Sigma-Aldrich) was used to culture S. mutans
UA159 (ATCC, Manassas, VA, USA) overnight (16-18 h) at 37 °C and 5% CO2. The
resulting suspension was adjusted using a spectrophotometer (Genesys 10S, Thermo
Scientific, Waltham, MA, USA) to an optical density of 0.7 at 600 nm. Then, an
inoculum was prepared by diluting the bacterial suspension 20 times in BHI broth
supplemented with 2% sucrose (by mass). Cement disks were placed in 24-well plates
filled with 1.5 mL of the inoculum and incubated at 37 °C in 5% CO2. After 24 h, fresh
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medium was added. At a total of 48 h incubation, the cement disks were moved to
perform a colony-forming units test (CFU) [64,76].
5.2.7.3. Colony-Forming Unit Counts
Following the 48 h incubation time, the cement samples (n = 6) with the attached
biofilm were washed in 1 mL of phosphate-buffered saline (PBS), moved to a glass vial
with 1 mL of PBS, sonicated for 15 min and vortexed for 10 s to harvest the biofilm.
The suspensions were serially diluted (101- 106-fold) and pipetted into each BHI agar
plate to calculate the total number of colonies. The agar plates were incubated for 48 h
at 37 °C in 5% CO2 [34]. The number of colonies multiplied by the dilution factor was
used to calculate the results [6].
5.2.7.4. Live/dead Staining of Biofilms
Cement discs (n = 6) with the attached 48 h biofilm were washed with PBS. An
equal amount of 2.5 μM SYTO 9 and 2.5 μM propidium iodide (BacLight live/dead kit,
Molecular Probes, Eugene, OR, USA) was used to stain each disc for 15 min. The
stained biofilm disks were examined using an inverted epifluorescence microscope
(Eclipse TE2000-S, Nikon, Melville, NY, USA), where bacteria with defective
membranes were stained with propidium iodide to emit a red fluorescence and live
bacteria stained with SYTO9 to emit green fluorescence [78].
was used to measure the absorbance at 340 nm.
5.2.7.5. Scanning Electron Microscopy (SEM) of Biofilms
For biofilm visualization, biofilms formed at 48 h on cement disks were gently
rinsed with PBS and soaked in 1% glutaraldehyde at 4 °C overnight. Then, cement
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samples with the attached biofilm were washed with PBS and dehydrated in a graded
series of ethanol solutions. After that, samples were rinsed with hexamethyldisilazane,
placed on a piece of filter paper in a partially covered Petri glass, and left to dry
overnight. Scanning electron microscopy (SEM, Quanta 200, FEI Company, Hillsboro,
OR, USA) was used to examine the attached bacterial biofilm on the disk's surface after
sputter-coated with platinum [78].

5.2.7.6. MTT Assay for Quantification of Metabolic Activity of Biofilms
Cement disks (n = 6) with 48 h biofilms were transferred to a new 24-well plate
filled with 1 mL of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) dye (0.5 mg/mL MTT in PBS) and then incubated at 37 °C in 5% CO2 for 1
h. MTT is a colorimetric assay that measures the enzymatic reduction of yellow
tetrazole to formazan. After that, to solubilize the formazan crystals, the disks were
transferred to a new 24-well plate with 1 mL of dimethyl sulfoxide (DMSO), and the
24-well plate was incubated in the dark at room temperature for 20 min. Then, 200 μL
of the DMSO solution was taken from each well and transferred to a new 96- well plate.
A microplate reader (Spectra-Max M5) was used to measure the absorbance at 540 nm,
where a higher formazan level shows a higher metabolic activity in the biofilm [6].
5.2.7.7. Lactic acid production by biofilms
Lactate acid concentrations were evaluated using the lactate dehydrogenase
methodology [33]. After the 48 h incubation time, cement samples were washed in 1.5
mL of cysteine peptone water (CPW), then incubated in a new plate containing 1.5 mL
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of buffered peptone water (BPW) with 0.2% sucrose at 37 °C in 5% CO2 [37]. BPW
solutions were collected from each well, and the microplate reader (Spectra-Max M5)

5.2.8. Statistical Analysis

GraphPad Prism 9 software version 9.1.0 (GraphPad Software, San Diego, CA,
USA) at 0.05 significance level was used to perform all the statistical analyses. Oneway analyses of variance (ANOVA) and Tukey comparison tests were performed to
detect the significant effects of the dependent variables. Shapiro-Wilk test was made to
confirm equal variance of data and the normality.

5.3. Results
5.3.1. Dentin Shear Bond Strength
The dentin shear bond strength results are exhibited in Figure 5.1 (mean ± sd; n
= 20). Adding 3% DMAHDM to the UV resin matrix slightly reduced dentin shear
bond strength with no significant difference (p > 0.05) compared to the experimental
and commercial controls. The UV cement with 5% DMAHDM presented a comparable
result compared to the UV resin with 3% DMAHDM (p > 0.05) and a significantly
lower result compared to the experimental control and commercial control (p < 0.05.)
These results indicate that adding 3% DMAHDM into the UV resin cement did not
significantly reduce the dentin shear bond strengths.
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Figure 5.1: Dentin shear bond strengths after 24 h in distilled water (mean ± sd; n
= 20). The addition of 3% DMAHDM to the UV resin matrix no significant
difference (p > 0.05) in dentine shear bond strength compared to the experimental
and commercial controls. The UV cement with 5% DMAHDM presented a slightly
reduced dentine shear bond strength compared to the experimental control and
commercial control (p < 0.05). Values indicated by similar letters are not
statistically different from each other (p > 0.05).

5.3.2. Flexural Strength and elastic modulus
Flexural strength and elastic modulus results are shown in Figure 5.2 (mean ± sd;
n = 10). Adding 3% DMAHDM to the UV resin matrix presented a comparable flexural
strength compared to the experimental and commercial controls (p > 0.05). Adding 5%
DMAHDM presented a significantly lower flexural strength compared to the UV
cement with 3% DMAHDM, experimental control, and commercial control (p < 0.05.)
These results indicate that adding 3% DMAHDM into the UV resin cement did not
significantly reduce the flexural strength.
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The elastic modulus values of the commercial control group were significantly
higher than all other groups (p < 0.05). The addition of 3% and 5% DMAHDM into the
resin cement resulted in comparable elastic modulus values to the experimental control
(p > 0.05).
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Figure 5.2: Mechanical properties of cement: (A) Flexural strength and (B)
Elastic modulus after 24 h in distilled water (mean ± sd; n = 10). Incorporating
3% DMAHDM into the UV resin matrix showed a comparable flexural strength
compared to the experimental and commercial controls (p > 0.05). Adding 5%
DMAHDM presented slightly lower flexural strength compared to other groups
(p < 0.05.). On the other hand, adding 3% and 5% DMAHDM into the UV resin
cement resulted in comparable elastic modulus values to the experimental
control (p > 0.05) and significantly lower results than the commercial control
group (p < 0.05). Values indicated by similar letters are not statistically different
from each other (p > 0.05).
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5.3.3. Film Thickness
The cement's film thickness values are shown in Figure 5.3 (mean ± sd; n = 6).
Adding 3% and 5% DMAHDM into the resin cement resulted in comparable film
thickness values to the experimental and commercial control (p > 0.05). The film
thickness results of all cement groups had values below 50 µm which met the ISO
requirement.

Figure 5.3: Cement film thickness (mean ± sd; n = 6). All cement groups had film
thickness results below 50 µm which met the ISO requirement. Adding 3% and 5%
DMAHDM into the resin cement resulted in comparable film thickness values to the
experimental and commercial control (p > 0.05). Values indicated by similar letters are
not statistically different from each other (p > 0.05).
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5.3.4. Polymerization shrinkage stress and degree of conversion

The degree of conversion and polymerization shrinkage stress results are plotted in
in Figure 5.4. A similar pattern of increase in the degree of conversion was observed
among all the groups, followed by a plateau. At 580 seconds of the initial
polymerization time, the commercial control resin cement showed the lowest degree of
conversion at 61±1.52 %. The experimental control UV resin cement reached the
highest degree of conversion of 73±2.61 %, followed by the UV cement with 3%
DMAHDM at 71±0.36 %, and the UV cement with 5% DMAHDM at 70±0.06 %.

For the polymerization shrinkage stress, the highest polymerization shrinkage
stress was observed for the commercial control group at 2.96±0.35 MPa (p < 0.05). The
experimental control UV resin cement showed the lowest polymerization shrinkage
stress at 1.05±0.04 MPa, followed by the UV cement with 3% and 5% DMAHDM at
1.21±0.05 and 1.43±0.15 MPa, respectively.
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Figure 5.4: The development of the degree of conversion (A) and shrinkage
stress (B) during polymerization. A similar pattern of increase in the degree of
conversion was observed among all the groups, followed by a plateau. At 580 s
of the initial polymerization time, the experimental control UV resin cement
reached the highest degree of conversion of 73%, followed by the UV cement
with 3% DMAHDM at 71%, and the UV cement with 5% DMAHDM at 70%.
The commercial control resin cement showed the lowest degree of conversion
(61%). For the polymerization shrinkage stress, the experimental control UV
resin cement showed the lowest polymerization shrinkage stress, followed by
the UV cement with 3% and 5% DMAHDM. The commercial control group
showed the highest polymerization shrinkage stress (p < 0.05).

135

5.3.5. Colony-Forming Unit (CFU) Counts of S. mutans Biofilm
The CFU results of S. mutans biofilm are presented in Figure 5.5. The
incorporation of 3% and 5% DMAHDM to the UV resin cement formulations
significantly reduced the CFUs count by around 7-log. The experimental control group
was associated with comparable S. mutans biofilm to the commercial control group (p
> 0.05). These results showed that adding 3% and 5% DMAHDM to the UV cement
demonstrated a significant reduction in the CFU results of S. mutans biofilm.

Figure 5.5: Colony-forming unit (CFU) counts for 48 h S. mutans biofilms on
resin cement disks (mean ± sd; n=6). Adding 3% and 5% DMAHDM into UV
resin cement significantly reduced CFUs count for S. mutans compared to the
commercial and experimental controls (p < 0.05). The incorporation of
DMAHDM to the UV resin cement formulations significantly reduced the CFUs
count by around 7-log. Values indicated by similar letters are not statistically
different from each other (p > 0.05).
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5.3.6. Live/Dead Staining of Multi-Species Biofilms
Live/dead images of 48 h of S. mutans biofilms are shown in Figure 5.6. Dead and
injured bacteria are shown in red, while active bacteria are shown in green color.
Commercial and experimental control cement were associated with a high quantity of
live bacteria. On the contrary, more dead and injured bacteria were observed with an
increasing DMAHDM percentage.

Figure 5.6: Descriptive live/dead staining images of 48 h biofilms: Experimental
and commercial control cement samples were mostly covered by live bacteria
(green stain). On the other hand, cement groups with DMAHDM had covered
mainly by dead bacteria (red stain).
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5.2.7. Scanning Electron Microscopy (SEM) of Biofilms
SEM results of 48 h of S. mutans biofilms are shown in Figure 5.7. Commercial
and experimental control cement were associated with extensive biofilm formation at
48 h. On the other hand, adding DMAHDM into the UV resin matrix was associated
with minimal attachment of S. mutans biofilms. The greatest reduction of bacterial
biofilms formation was observed with the addition of 5% DMAHDM.
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Figure 5.7: Scanning Electron Microscopy (SEM) images of biofilm formed on
cement discs at (A) 200× magnification and (B) 500× magnification. At 48 h,
adding DMAHDM into the UV resin matrix was associated with minimal
attachment of S. mutans biofilms. On the other hand, commercial and experimental
control cement were associated with extensive biofilm formation.

139

5.3.8. MTT Assay of Metabolic Activity of S. mutans Biofilms

The 48 h biofilm bacterial metabolic activity on cement samples is presented in
Figure 5.8. (mean ± sd; n = 6). The UV cement with 3% and 5% DMAHDM
significantly reduced metabolic activity compared to experimental and commercial
control (p < 0.05). Metabolic activity was decreased from 0.29±0.03 and 0.29±0.05
(OD540/cm) for experimental control and commercial control, to 0.01±0.001 for both
3% DMAHDM, and 5% DMAHDM (p < 0.05). The incorporation of DMAHDM into
the UV resin cement showed a significant reduction in metabolic activities.

Figure 5.8. Metabolic activity for 48 h S. mutans biofilms on resin cement disks
(mean ± sd; n=6). The UV cement with 3% and 5% DMAHDM showed
significantly lower metabolic activity compared to experimental and commercial
control (p < 0.05). The incorporation of DMAHDM into the UV resin cement
showed a significant reduction in metabolic activities. Values indicated by similar
letters are not statistically different from each other (p > 0.05).
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5.3.9. Lactic acid production of S. mutans Biofilms
Lactic acid productions of S. mutans biofilms are plotted in Figure 5.9 (mean ± sd;
n = 6). The UV resin cement with 3% and 5% DMAHDM significantly decreased lactic
acid production of S. mutans biofilms compared to experimental and commercial
control (p < 0.05). The lactic acid production was lowered from 22.3±0.74 mmol/L in
the experimental UV resin cement to 1.4±0.45 mmol/L in the UV cement with 3%
DMAHDM and 1.2±0.27 mmol/L in the UV cement with 5% DMAHDM.

Figure 5.9: Lactic acid production for 48 h S. mutans biofilms on resin cement disks
(mean ± sd; n=6). The lactic acid production was reduced from 22.3 mmol/L in the
experimental UV resin cement to 1.4 mmol/L in the UV cement with 3% DMAHDM
and 1.2 mmol/L in the UV cement with 5% DMAHDM (p < 0.05). The UV resin cement
with DMAHDM significantly decreased lactic acid production compared to
experimental and commercial control (p < 0.05). Values indicated by similar letters are
not statistically different from each other (p > 0.05).
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5.4. Discussion

The current study developed the first dual-cure low-shrinkage-stress resin cement
with potent antibacterial potential. The capacity of the cement to reduce polymerization
shrinkage stress and inhibit S. mutans biofilm while maintaining excellent mechanical
and physical properties was accomplished. The hypotheses were confirmed that the new
low-shrinkage-stress cement significantly lowered polymerization shrinkage stress and
reduced S. mutans biofilm growth compared to RelyX Ultimate commercial control
cement while maintaining excellent mechanical and physical properties. The novel
antibacterial low-shrinkage-stress cement revealed comparable dentin shear bond
strength, flexural strength, and film thickness compared to the experimental cement
with no DMAHDM and the RelyX Ultimate commercial control cement while
significantly reduced S. mutans metabolic activity, lactic acid production, and CFU
count of approximately 7 logs. The new low-shrinkage-stress cement could potentially
create fewer stresses at the tooth restoration interface, as demonstrated in this study,
with approximately 60% lower polymerization shrinkage stress than the commercial
control. These lower stresses at the tooth cement interface could help to reduce the
amount of microleakage, bacterial penetration, tooth sensitivity, and cement debonding
[56,57]. Moreover, the addition of the DMAHDM could help to inhibit secondary caries
and enhance the long-term success of fixed dental restoration by the direct contact
killing of bacterial biofilms at the tooth-restoration interface.
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Resin-based materials' mechanical and physical properties have improved
significantly in the past few years. Nevertheless, resin matrix volumetric shrinkage and
subsequent shrinkage stress are still a major concern [167]. During polymerization,
polymerization shrinkage stresses could compromise the tooth-resin interface, which
could lead to gap formation and recurrent caries [56,57]. As a result, it would be highly
desirable to design a low-shrinkage-stress resin-based cement to lower the stresses on
the tooth-restoration interface and enhance the longevity of the fixed dental restoration.

The current investigation used a copolymer of UDMA and TEG-DVBE with a high
degree of conversion and reduced shrinkage stresses [51,168]. These characteristics are
vital for the long-term success of fixed dental restoration as unreacted monomers, due
to a low degree of conversion, could induce cytotoxic outcomes on the surrounding
tissues and compromise the mechanical properties [169]. The first monomer, UDMA,
is a high molecular weight monomer and showed its ability to form a high level of
crosslinking and resist components leaching [18,19]. However, UDMA has a high
viscosity and can serve as a base monomer that needs a diluent monomer [167].
Therefore, this resin system used the low viscosity TEG-DVBE monomer as a diluent
monomer. TEG-DVBE has proven its stability against several enzymatic and hydrolytic
challenges [164]. Moreover, UDMA works as a co-initiator to TEG-DVBE, as the
polymerization rate of TEG-DVBE improves with the addition of UDMA [170]. In this
study, the high level of degree of conversion and low level of polymerization shrinkage
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stresses were maintained with the addition of DMAHDM to the glass-filled UV cement.
All the UV experimental groups showed a significantly higher degree of conversion
and lower polymerization stress than the RelyX Ultimate commercial control group.
These results demonstrate the potential for this resin cement to reduce stresses, microgap formation, microleakage and recurrent caries at the tooth-restoration interface,
which could help to increase the longevity of the fixed dental restoration.

Another promising strategy to reduce the development of recurrent caries and
enhance the success rate of the fixed dental restoration is to design a potent, long-lasting
antibacterial cement. Resin-based materials lack antibacterial effects and have the
potential to collect more plaque than natural teeth [171]. This plaque accumulation
could facilitate cariogenic bacterial attachment, bacterial acid production, and caries
formation [172]. Consequently, efforts were made to design a smart bio-interactive
material that can interact with the oral environment and protect tooth structure
[141,173]. A different strategy to create antibacterial bio-interactive materials was
made; a previous study incorporated chlorhexidine in a low-shrinkage-stress resinbased material [174]. However, only a short-term antibacterial result was revealed.
Another approach to introducing bioactivity included utilizing zinc oxide and silver
nanoparticles as antibacterial fillers [31]. Nevertheless, a large amount of the agent was
lost in a short period of time, which compromises the material's mechanical properties.
To overcome this critical limitation, a copolymerized DMAHDM was used [78].
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DMAHDM is a contact-killing monomer that has the ability to be copolymerized and
covalently bonded to the other methacrylate resins [175]. Consequently, the
antibacterial monomer in the resin matrix is not released or lost over time, therefore
maintaining a long-term antibacterial effect. In this study, incorporating DMAHDM
into the UV cement significantly reduced the biofilm CFU. It demonstrated a potent
antibacterial effect with approximately 7 log reduction in the activity of S. mutans
biofilms with no significant difference when adding mass fractions of 3% or 5%
DMAHDM (p > 0.05). A similar pattern of results was observed when analyzing the
amount of reduction related to lactic acid production and metabolic activities. Both UV
cement containing mass fractions of 3% and 5% DMAHDM showed lactic acid
production and biofilm metabolic activity reduction by more than 90% compared to
other groups with no DMAHDM (p < 0.05). Moreover, scanning electron microscopy
of S. mutans biofilms confirms the presence of a substantial amount of biofilm on all
groups with no DMAHDM. At 48 h, RelyX Ultimate commercial control and
experimental control groups showed the formation of multilayers and dense S. mutans
biofilms formation. On the other hand, minimal attachment of biofilm was observed
when incorporating DMAHDM into the UV cement. The greatest reduction of the
attached biofilm was observed with the addition of 5% DMAHDM. This reduction of
attached biofilm with increased DMAHDM percentage could be related to increasing
cement charge density. Increasing the charge density of UV cement could help to
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interact with more amount of negatively charged bacterial cell membrane, which can
lead to a higher amount of bacterial cell elimination.

For long-lasting fixed dental restoration, in addition to antibacterial and low
polymerization shrinkage stress, the excellent mechanical property of the dental cement
is a critical aspect. The ideal dental cement must have a minimal solubility, no
microleakage, low film thickness, adequate viscosity, comparable strength to dentin,
sufficient working time, and be biocompatible and antibacterial [61,62]. The present
study showed that incorporating 3% DMAHDM into the UV resin matrix presented a
comparable flexural strength result compared to the experimental and commercial
controls (p > 0.05). However, adding 5% DMAHDM lowered the flexural strength
slightly compared to other groups with no DMAHDM (p < 0.05). These outcomes
indicate that adding 3% and 5% DMAHDM into the UV resin presented a reasonably
high flexural strength [6]. On the other hand, all the experimental UV cement
demonstrated elastic modulus results lower than the commercial control and
comparable to the experimental control cement. However, due to the use of a thin
cement film thickness for the dental restoration, the decreased value in the modulus of
elasticity could be attributed to a negligible outcome on the dental cement performance.
Regarding film thickness, adding 3% or 5% DMAHDM into the resin cement did not
significantly affect film thickness values compared to the experimental and commercial
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control. All tested cement showed a low film thickness below 22 µm and within the
recommended range of the ISO standard [86].

Strong and durable cement bond to dentin is an essential mechanical factor in the
fixed dental restoration long-term success. Resin penetration and micro-mechanical
interlocking to the superficial layer of demineralized dentin is the key feature of
bonding of resin-based cement [87]. Incomplete resin infiltration and compromised
micro-mechanical interlocking into dentinal tubules reduces bond strength and bond
durability, increases microleakage, and consequently reduces the long-term success
[88]. In this study, a dentin shear bond test was used to evaluate bond strength to dentin
as most of the stresses in the oral environment occur as a form of shear stress at tooth
restoration interface [89].

In the current study, incorporating 3% DMAHDM to the UV resin matrix slightly
reduced dentin shear bond strength with no significant difference compared to the
experimental and commercial controls. On the other hand, adding 5% DMAHDM
presented a comparable result to the UV resin with 3% DMAHDM and a significantly
lower result than the experimental control and commercial control. However, all the
reported shear bond strength results maintain a value above 20 MPa, which is higher
than the previously reported results of the bio-interactive resin-based cement [6]. There
is a strong correlation between the bonding strength of the cement and the severity of
microleakage, as excellent bonding to the tooth structure could help increase the long-
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term success of the fixed restorations by reducing the microleakage and preventing
secondary caries. While the new antibacterial low-shrinkage-stress resin-based cement
in the current investigation presents highly promising results, it is required to be
biocompatible and non-cytotoxic on human cells. Previous studies investigated the
cytotoxic behavior of the UV resin and DMAHDM on human gingival fibroblasts
(HGF) [39,41]. They found that the cell viability results for both DMAHDM and UV
resin matched the commercial used monomers and the ISO required level with viability
higher than 75% [176]. These results could offer some confidence in the use of this new
cement. However, further in vivo experiments are needed to confirm the cell viability
results.

As the RelyX ultimate commercial control cement is commonly used for fixed
restoration cementation with high clinical success [177], the novel low-shrinkage-stress
resin-based cement with comparable mechanical and physical properties may also be
appropriate for a similar application. Moreover, the new cement has the additional
advantages of lower polymerization shrinkage stresses, a high degree of conversion
through UDMA and TEG-DVBE copolymer, and long-lasting antibacterial activity
throughout the DMAHDM contact inhibition. The novel antibacterial low-shrinkagestress cement could improve the long-term success of the fixed dental restoration by
reducing stresses and microleakage at the tooth-restoration interface, preventing
demineralization, and inhibiting secondary caries. Further studies are needed to inspect
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the new cement antibacterial effects on complex biofilm that could closely match the
diversity of the oral cavity microbial conditions and ecosystem. Additionally, further
studies are required to investigate the degree of conversion and polymerization
shrinkage stresses using the chemical cure aspect of the new UV cement, long-term
mechanical performance, bond strength to commonly used fixed dental restorations and
solubility.
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CHAPTER SIX
CONCLUSION AND FUTURE WORK
The oral cavity is a complex environment with various challenges, such as
mastication forces and bacterial acid attacks that limit the long-term success of dental
restorations. With the increased use of resin-based cement for the cementation of fixed
dental restoration, secondary caries at the tooth-cement junction is the main limitation
to the longevity of such treatment. Therefore, efforts were made to inhibit the
development and progression of recurrent caries. The studies presented in this
dissertation aimed to inspect the central hypothesis in which the incorporation of
DMAHDM, NACP, and nCaF2 into the novel resin-based fixed dental restoration
cement would produce potent and long-lasting antibacterial and remineralizing
properties throughout the contact-killing mechanism provided by DMAHDM and the
remineralization capabilities of the NACP and nCaF2 fillers without adversely affecting
the mechanical properties of the resin-based cement.

In Chapter 2, we developed a novel bio-interactive dental crown cement containing
antibacterial monomer and calcium phosphate nanoparticles. We found that
incorporating NACP and DMAHDM into the cement did not affect the mechanical
properties adversely. Moreover, the new NACP+DMAHDM crown cement had
excellent potential for fixed restoration cementations, as it efficiently inhibited S.
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mutans biofilms commonly associated with secondary caries around dental restoration
margins. Additionally, high levels of Ca and P ions released by the novel cement could
promote remineralization and enhance tooth structures. The development of a new
generation of resin-based crown cement with the combined effect of antibacterial and
remineralizing properties could be the key to prolonging the survivability of fixed
restorations.

In Chapter 3, we developed for the first-time a rechargeable crown cement
containing an antibacterial monomer and calcium phosphate nanoparticles. We found
that incorporating DMAHDM and NACP into resin-based crown cement provided
strong antibacterial action against saliva microcosm biofilm and presented a high level
of Ca and P ion recharge abilities, exhibited long-term Ca and P ion release and
remineralization potential. The rechargeable cement with NACP reduced saliva
microcosm biofilm CFU by 2–3 orders of magnitude. Moreover, the incorporation of
DMAHDM demonstrated a strong reduction in the biofilm metabolic activity and lactic
acid production by ~ 80%. The novel rechargeable crown cement was successfully
recharged for three cycles in this study. Moreover, increasing the DMAHDM
concentration helped maintain a higher Ca and P ion recharge level. Consequently, the
long-term rechargeable NACP-DMAHDM cement with much less biofilm growth and
lactic acid production could help to increase the long-term success of fixed restorations
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by inhibiting caries, preventing demineralization, and enhancing remineralization of
tooth structures.

In Chapter 4, we created a dual-cure rechargeable resin-based cement for the first
time with nanostructured calcium phosphate and nanostructured calcium fluoride biointeractive fillers. The new cement exhibited a high level of Ca, P, and F ion recharge
abilities, exhibiting long-term ions release and remineralization potential. The addition
of both 12.5% NACP and 12.5% nCaF2 into the resin cement demonstrated the
advantages of both types of bio-interactive fillers as it could release a higher level of
ions than the resin cement with 25% nCaF2 fillers and exhibited a better rechargeability
compared to the resin cement with 25% NACP fillers. The ability of this novel resinbased cement to be recharged with Ca, P, and F could be one of the keys to lengthening
the survivability of fixed dental restorations. The new cement could help to reduce the
onset of secondary caries by preventing demineralization and enhancing the
remineralization of tooth structures.

In Chapter 5, we developed a novel low-shrinkage-stress resin-based cement for
the first time. We found that the antibacterial low-shrinkage-stress resin-based cement
provided strong antibacterial action and maintained excellent mechanical properties
with reduced polymerization shrinkage stress. The new cement reduced CFU counts by
approximately 7 logs and strongly reduced biofilm metabolic activity and lactic acid
production by more than 90 %. Moreover, the low-shrinkage-stress cement exhibited a
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high degree of conversion of around 70%, while reducing the shrinkage stress by
approximately 60%. The new cement showed excellent potential for restoration
cementation, such as dental crowns, inlays, onlays, and veneers through its excellent
mechanical properties, low shrinkage stress, and strong antibacterial outcome. These
features could help to improve the long-term success of the fixed dental restoration by
reducing stresses at the tooth-restoration interface, microleakage, bacterial penetration,
and inhibiting secondary caries.

Nonetheless, further studies are needed to examine the influence of the long-term
ion release on the cement's antibacterial and mechanical properties. Moreover, longterm ion recharge and re-release needs to be tested for more than three cycles to assess
whether the re-release is maintained over a long period of time. Furthermore, the new
cement's antibacterial effects, remineralization capability, and low polymerization
shrinkage stress needed to be examined using an in-situ model simulating clinical
applications.
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