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ABSTRACT

Development of Novel Therapeutic Dental Adhesives to Inhibit Secondary Caries

By: Faisal D. al-Qarni, BDS, MS, Doctor of Philosophy, 2018
Directed by: Huakun Xu, PhD, MS, Professor, Director, Biomaterials & Tissue
Engineering Division, Department of Advanced Oral Sciences & Therapeutics,
University of Maryland School of Dentistry, Baltimore, MD

Despite eﬀorts to reduce the eﬀects of caries at the margins of restorations, the prevalence
of secondary caries remains stubbornly high. Dimethylamino-hexadecyl methacrylate
(DMAHDM) reduced biofilm viability and acid production when added to dental
adhesives. 2-methacryloyloxyethyl phosphorylcholine (MPC) greatly reduced protein
adsorption and bacterial attachment. Nanoparticles of amorphous calcium phosphate
(NACP) suppressed caries and promoted remineralization. This dissertation incorporated
DMAHDM, MPC and NACP to develop an adhesive with antibacterial, protein-repellent
and remineralizing properties possessing long-term ion-recharge and re-releases for the
first time. The effects of MPC and DMAHDM on calcium (Ca) and phosphate (P) ion
release and recharge were established. The objectives of this dissertation were to develop
an anti-caries adhesive containing bioactive agents NACP, DMAHDM and MPC, and
investigate the effects of DMAHDM and MPC on Ca and P ion release and
rechargeability. Incorporating the bioactive agents had no influence on mechanical
behavior, as the adhesives had shear bond strength matching commercially available

control. Using a human saliva microcosm biofilm model, DMAHDM-containing
adhesives had substantial antibacterial functions with significant reductions in biofilm
metabolic activity, lactic acid production and colony-forming units (CFU). MPC
adhesives also had substantial reductions in protein adsorption, biofilm metabolic activity
and CFU. The incorporation of NACP provided continuous Ca and P ion release over 70
days. After the ion release was depleted, specimens were recharged with Ca and P ions,
then the ion re-release was measured. One recharge treatment enabled the resin to
continuously release high levels of Ca and P ions for about three weeks, thus allowing the
patient o potentially use a mouth-rinse for one day every three weeks. With increasing the
number of recharge and re-release cycles, the Ca and P ion re-release reached similarly
higher levels, indicating a long-term and durable recharge function. The combined
incorporation of the bioactive agents produced novel therapeutic and anti-caries
adhesives that could greatly reduce biofilm formation on restorative margins, repel
proteins, remineralize lesions, and ultimately prevent secondary caries, thus increasing
the success rate and the longevity of composite restorations.
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CHAPTER ONE
INTRODUCTION
Background
Microorganisms form a functional organ in the human body that is fundamental to its
health and physiology. The term “microbiome” has been used recently and is defined as
the sum of all microbiota (microorganisms), their genetic information, and the
environment in which they interact [1]. The microbial component is so substantial that it,
at least, equals the number of human’s own cells [1]. Drastic efforts have to characterize
the extent and diversity of microorganisms in the human body. An example is the
‘Human Microbiome Project’ that was launched in 2007 by National Institutes of Health
[2]. By the end of 2017, investigators of the Human Microbiome Project published over
650 scientific papers that had been cited over 70,000 times [3], thereby generating the
resources and expertise needed to understand the influence of microbiome on human
health and diseases. The oral cavity forms an indispensable part of this microbiome and is
one of the most densely populated areas in the human body. Indeed, the oral cavity hosts
the second most ecologically diverse microbial community in the body [4], harboring
more than 1000 identified oral species [5]. This array of organisms includes bacteria,
fungi, mycoplasmas, protozoa and sometimes viruses, with bacteria as the predominant
species by far [6]. The oral cavity provides humid and warm environment fostering the
growth of many microorganisms and offers host-derived nutrients, such as amino acids,
proteins, glycoproteins mainly from saliva and gingival crevicular fluid [7].
Microorganisms generally do not exist as single species; rather they are almost
always present in communities and the vast majority of microorganisms exist in nature
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associated with a surface [8]. The term ‘biofilm’ is used to describe communities of
microorganisms attached to a surface; such microbes are usually spatially organized into
a three-dimensional structure and are enclosed in a matrix of extracellular material
derived both from the cells themselves and from their environment [9]. When several
microbes form a biofilm, they create a community with unique properties that are not
merely the sum of those of the constitutive populations. Bacteria within biofilms can be
up to 1000 times more resistant to antibiotics than the same organism grown
planktonically [10]. In addition, communities of interacting species can be more
pathogenic than pure cultures of the constituent microorganisms [11].
The teeth are the only non-shedding surfaces in the human body, which provide
unique opportunities for extensive biofilm formation, and a secure haven for microbial
persistence [12]. Dental restorations, fixed and removable dental prostheses, and implants
constitute additional non-shedding surfaces in the mouth that can influence biofilm
formation and composition. Microorganisms from the oral cavity have been shown to
cause the two most common diseases of humans; dental caries and periodontal diseases
[6], as well as other infections such as endodontic infections, alveolar osteitis, and
tonsillitis [5]. Furthermore, the oral cavity is a major entrance to the human body. Food is
chewed and, along with saliva, moves to the stomach and intestinal tract. Air passes
through the nose and mouth on the way to the trachea and lungs. Therefore, spreading of
microbiota from the oral cavity to neighboring sites is not unexpected. Indeed, evidence
is accumulating which links oral bacteria to a number of systemic diseases, including
cardiovascular disease, stroke, preterm birth, diabetes, and pneumonia [5].
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Oral Biofilm
Dental plaque harbors the most diverse collections of oral microbiota [13]. Seconds after
cleaning/brushing, tooth surfaces become coated with a conditioning film of salivary
proteins and glycoproteins, this film is termed the acquired pellicle [14]. The thickness of
the pellicle varies depending on the site and the amount of shear forces. After 2 hours, the
pellicle on lingual surfaces was 20–80 nm thick whereas buccal pellicles were 200–700
nm deep [15]. At first, only a few bacterial species are able to attach to the pellicle, and
are held in a reversible manner by weak, long-range physicochemical forces. Adhesins on
these early bacterial colonizers, such as Streptococcus mitis and S oralis, can bind to their
complementary receptors in the pellicle to make the attachment irreversible and then
these pioneer species start to multiply [16]. The metabolism of the early colonizers
consumes oxygen, which modifies the local environment by making it more anaerobic.
As the biofilm develops, adhesins on surfaces of secondary colonizers bind to receptors
on already attached bacteria by a process termed, coadhesion or coaggregation, and the
composition of the biofilm becomes far more diverse (microbial succession) [16, 17].
As the biofilm develops, some of the adherent bacteria synthesize extracellular
polysaccharides making a matrix [18]; a common feature of all biofilms that is more than
a chemical scaffold to maintain the shape of the biofilm. It makes a significant
contribution to the structural integrity and general tolerance of biofilms to environmental
factors [18]. The matrix can retain water, nutrients and enzymes within the biofilm [19].
The chemistry of the matrix can also help exclude, or restrict the penetration of, other
types of molecules including some charged antimicrobial agents [20]. In mature plaque,
the microflora displays maximum diversity and bacterial composition will vary at distinct
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anatomical sites due to the prevailing biological conditions [16]. For example, normal
microflora of fissures is sparse and the predominant bacteria are streptococci, while the
gingival crevice is more diverse and contain many gram-negative anaerobic species [21].

Secondary Caries
Dental caries is a consequence of imbalance in the resident microflora favoring the
potentially more highly cariogenic bacteria due to frequent conditions of low pH in
plaque biofilms, as a result of a change to the diet or a reduction in saliva flow [20].
Mutans streptococci have been frequently detected in plaque from healthy sites and found
to be weakly competitive with other oral bacteria at neutral pH, and represent less than
1% of the total microbial community [22]. In this situation, the levels of such potentially
cariogenic bacteria are clinically insignificant and the processes of de- and
remineralization are in equilibrium. If the frequency of fermentable carbohydrate intake
increases, then plaque spends more time below the critical pH for enamel
demineralization (pH nearly 5.5). The low pH conditions favor the proliferation of acidtolerating and acidogenic bacteria (including mutans streptococci and lactobacilli) while
tipping the balance toward demineralization [16]. It has been found that at this stage,
acidogenic bacteria could reach or exceed 50% of the entire microbial community [22].
Greater numbers of acidogenic bacteria result in more acid being produced at faster rates,
thereby enhancing demineralization and further disrupting the biofilm ecology [16].
The presence of the restorative material in the oral cavity no doubt makes this
interplay even more complex. Although microbial species associated with primary caries
and secondary caries seem to be similar [23], the proportion of most cariogenic bacteria
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was significantly higher in the plaque from dentin and enamel restored with composite
than from unrestored specimens [23]. In addition, during the early stages of plaque
formation, bacterial attachment was significantly more on the composite surface than
enamel [24]. Therefore it is no surprise that secondary caries formed at the restoration
margins is considered the principal cause of failures of composite restorations [25, 26]
However, in contrast to dental amalgam, the use of adhesively bonded dental composite
allows the adoption of minimal intervention approaches in posterior restorations, and
provide the practitioner with the capacity to repair restorations in ways which are not
possible with dental amalgams. Both help conserve and preserve tooth tissues, and
provide more biomechanically-favorable restored tooth units [27]. A recent review
reported that the use of resin composite increased from 37% to 48%, while the use of
amalgam decreased from 57% in the original review to 31% [28].
Optimal bond between composite restorations to tooth structure is of paramount
importance for the success of restoration. Etch-and-rinse bonding systems depend on an
acid etchant to dissolve minerals and expose collagen network, which is then infiltrated
with resin monomers. Polymerization of these monomers results in a zone that is
composed of about 50% collagen matrix and 50% resin, making it a hybrid of two very
different materials, this is commonly called the hybrid layer [29].

Challenges to Dentin-Resin Bond
The creation of the hybrid layer is not perfect; since bonding resin to dentin is extremely
complex. The maximum depth of hybrid layers created by etch-and-rinse adhesives is
only about 5 µm, while those produced by mild to moderately aggressive self-etching
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adhesives are only 0.5-1.5 µm deep [30, 31]. The heterogeneity of dentin matrix; the
time- and practice-sensitivity of etching, rinsing priming procedures; and limited degree
of conversion are major obstacles to repeatedly achieving uniform dentin bonds [32].
Dentin collagen network require water to facilitate resin monomer infiltration [29].
However, excess moisture may cause a phase separation between hydrophobic and
hydrophilic monomers, resulting in irregular resin infiltration and voids formation, and
may also reduce monomer conversion [33]. Poor resin infiltration and reduced degree of
conversion increases enzymatic breakdown of collagen and hydrolytic breakdown of the
adhesive, thus compromising the durability of the interface [32].
of the resin/dentin interface includes hydrolytic and enzymatic
degradation. When water is absorbed by the polymeric network, it can cause swelling,
softening, plasticization and chain separation, by hydrolysis of polar groups such as
ethers, urethanes, hydroxyl and ester groups. This is termed hydrolytic degradation [32].
Enzymatic degradation on the other hand, is related to the action of enzymes from
bacteria, saliva, and dentin. Cholesterol esterase (CE) and pseudo-cholinesterase (PCE)
are two salivary enzymes that were reported to hydrolyze some resin monomers at the
ester groups of the methacrylate-based resin monomers in a dose-dependent manner [34].
It has also been shown that CE has higher affinity for BisGMA, while PCE was more
specific for TEGDMA although they act synergistically [35]. Several host-derived
enzymes such as matrix metalloproteinases (MMPs) and cysteine cathepsins are present
in mineralized dentin and are able to degrade the dentin organic matrix after
demineralization [36]. These enzymes may be activated under acidic conditions created
by the lactic acid produced by cariogenic bacteria or even by the acidic properties of
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adhesive systems [37]. Enzymatic degradation by MMPs and cysteine cathepsins plays a
significant role in the destruction of the bonded interface and has been shown to
contribute to the breakdown of collagen in the pathogenesis of dentinal caries [36, 37].
Even at the gap-free margins, penetration of silver nitrate was observed under
scanning electron microscopy (SEM) and or transmission electron microscopy (TEM)
[38]. This leakage pattern occurs within the nanometer-sized pores around the collagen
fibrils within the hybrid layer, which they termed ‘nanoleakage’ [39]. These pores are so
small that they may only allow the penetration of water or bacterial products along the
interface, which may result in hydrolytic degradation of either the adhesive resin or
collagen within the hybrid layer [39]. Furthermore, cariogenic bacteria such as S. mutans
has the potential to contribute to the deterioration of the resin-dentin interface by
producing both acids[40] and esterases [41]. Degradation of one or both components of
the hybrid layer; the collagen matrix and the adhesive resin, compromises the integrity of
the adhesive interface and the stability and longevity of the resin-dentin bond, and
increases bacterial microleakage, leading to secondary caries.
The rule of biofilm in the progression of secondary caries is two-folds; first,
biofilm products such as acids can demineralize the tooth, and degrade the hybrid layer,
leading to further bacterial invasion. Second, the resultant local drop in the pH can, in
addition to increasing the quantity and pathogenicity of microbiota, activate host-derived
enzymes and cause further demineralization. This, and the complicated mechanisms of
dentin bonding, necessitate the development of therapeutic and bioactive adhesives to
impede and inhibit the multi-factorial problem of secondary caries. Strategies addressing
this are discussed below.
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Extermination of bacteria
Antibacterial properties are very important for polymeric dental materials for three main
reasons: first, the oral cavity contains one of the most ecologically diverse microbial
populations; second, polymers offer a favorable environment for microorganisms by
providing a source of carbon and oxygen; finally, microorganisms adsorbed on the
surface of materials might lead to certain diseases such as secondary caries, periodontal
inflammation and oral mucosal lesions [42]. Silver nanoparticles (NAg) were found to
reduce bacterial colonization in the marginal gaps when incorporated into dental
adhesives [43, 44]. However, concerns of Ag toxicity have been reported [45, 46],
although the cytotoxic effects on human cells were absent when 0.05–0.70%
concentrations of NAg were incorporated in polymers [47]. Another concern is that NAg
may influence the degree of conversion of monomers, increasing the amount of residual
monomers which may cause allergic reactions [48]. Toxicity concerns were also reported
for other antibacterial nanoparticles such as Zinc Oxide Nanoparticles (ZnONP) and
Titanium Dioxide-Based Nanoparticles (TiO2NPs) [49]. Quaternary ammonium
monomers with a double bond can react with resin monomers to build a cross-linked
network structure, which is beneficial to maintain the resin’s mechanical properties and
increase its antibacterial properties [42]. Bacterial cell wall has a negative charge, and
when in contact with the positive quaternary amine charge (N+), the electric balance is
disturbed and the bacterium could explode under its own osmotic pressure [50].
Increasing the alkyl chain length (CL) increased the hydrophobicity, which could
enhance the tendency to penetrate the hydrophobic bacterial cell membrane. Therefore,
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cationic polymers with longer CL could be more effective in penetrating bacterial cells to
disrupt membranes [51] (Figure 1.1).

Figure 1.1. DMAHDM contact-killing mechanism

An in vitro study [52] found that the antibacterial efficacy of bonding agents increased
with increasing CL from 3 to 16 (Figure 1.2).
Incorporating DMAHDM with CL of 16 in a dental adhesive resulted in substantial
reduction in bacterial early attachment as well as reduction of biofilm CFU by 4 logs,
when compared with adhesives without antibacterial monomer. At the same time, the
bond strength and cytotoxicity were similar to the commercial controls. Thus DMAHDM
is an effective bactericidal agent that shows a great promise to inhibit secondary caries.

Figure 1.2. Chemical Structure of DMAHDM
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Prevention of microbial attachment
Microbial adherence is an essential first step in infection and biofilm formation, hence the
inhibition of bacterial adherence and co-aggregation would be an effective method to
suppress dental plaque formation and subsequently secondary caries [53]. MPC (Figure
1.3) is a biocompatible polymers that has a phospholipid polar group, imitating the
structure of biomembranes [54].

Figure 1.3. Chemical Structure of MPC

MPC has been found to reduce protein adsorption and bacterial adhesion, and inhibiting
cell attachment in medical devices [53, 55]. When added to a dental adhesive, MPC
greatly reduced the protein adsorption and bacterial adhesion, without compromising the
dentine bond strength [56]. It increases the hydrophilicity of the coated surfaces, and it’s
efficacy against protein adsorption has been attributed to this “super-hydrophilicity” [54]
(Figure 1.4). Despite the fact that MPC is not bactericidal, studies reported that MPCcoated surfaces had reduced attachment and retention of most common oral
microorganisms including early colonizers (e.g. Streptococcus mutans, Staphylococcus
aureus), Candida albicans and several periodontal bacteria [56-59]. Therefore, MPCcontaining dental adhesives are protein-repellent, and have a great potential to inhibit
biofilm formation at the tooth-restoration margins.
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Figure 1.4. Hydrophilic MPC-resin surface repels proteins
and thus prevent bacterial attachment

Remineralization of tooth structure:
Remineralization is an approach to prevent/reverse secondary caries, through the
replacement of minerals in the partially demineralized regions of enamel or dentin.
Fluoride is a well-documented anti-cariogenic agent element that helps to prevent or
reduce caries, by enhancing remineralization and converting the hydroxyapatite in
enamel to the less soluble and more acid resistant fluoroapatite [60]. It has also been
shown to inhibit bacteria at high concentrations [61]. However, the fluoride-release
capability of dental restorative materials is generally much lower than 45-100 ppm, the
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level at which fluoride shows antibacterial effect [60, 62]. Therefore, reduction and
prevention of secondary caries by other means is a necessity. Nanotechnological research
focusing on the production and application of nanoparticles have improved properties of
dental materials. The research tendency towards this new technology is reflected by the
151 patent applications over the past decade [49]. Synthesis of NACP applies
nanotechnological innovation to improve remineralization and addresses the problem of
secondary caries. The incorporation of NACP in dental adhesives provides a continuous
release of calcium and phosphate ions into the oral environment [63]. These ions can
diffuse out to create a high local concentration at the surface, thus stimulating
precipitation and deposition into tooth structures as apatite mineral [43]. They have better
ion-release profiles than microparticles due to the higher surface area [43], and their
remineralization effects were 4-fold that of a commercial fluoride-releasing material [64].
Another advantage of incorporating NACP into dental resins is that they are “smart” and
could release relatively high amounts of Ca and PO4 when the pH is reduced from neutral
to cariogenic of pH 4.0 [63, 65]. Which makes this technology even more effective in
individuals with high caries risk, where pH is usually more acidic. The “smart” release of
ions as well as the neutralizing effects makes promising material qualities to combat acid
attack-induced demineralization.
The incorporation of NACP in adhesives provided a continuous release of
calcium (Ca) and phosphate (P) ions [63], resulting in the precipitation and deposition of
minerals into tooth structures [43]. NACP could neutralize a bacterial acids and increase
local pH from 4 to nearly 6, which could avoid caries formation [64, 66]. More recently,
a novel Ca and P recharge technology was developed to produce long-term functions of
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ion release [67]. The NACP resins could be repeatedly recharged with Ca and P ions, via
solutions such as mouthwashes, to have long-term ion release [67, 68]. However, the
previous rechargeable NACP-containing adhesive had no other biofilm-targeted
properties [67]. To date, no study had investigated the influence of adding antibacterial
and/or protein repelling agents on the ion recharge and re-release efficacy, and there was
no demonstration whether the antibacterial and/or the protein repelling adhesives were Ca
and P ion rechargeable or not [69].

5 µm

1 µm

Figure 1.5. SEM images of resin tags with incorporated NACP [44]

Therefore, this project aims to develop the first class of ion-rechargeable
adhesives with anti-caries properties. Each of NACP, DMAHDM and MPC has a unique
caries-prevention approach. Combining all three would obtain triple benefits in
preventing biofilm-induced acid attacks. Recharge function would provide stable and
durable remineralization and acid neutralization effects.
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Specific Aims:
Aim 1: To develop a novel Ca and P ion-rechargeable and antibacterial adhesive, and
evaluate the influence of incorporating the antibacterial monomer DMAHDM on Ca and
P recharge and re-release efficacy.
Aim 2: To develop a novel therapeutic adhesive that is Ca and P ion-rechargeable and
protein-repellent, and evaluate whether the incorporation of MPC affects the ion-recharge
and re-release capabilities.
Aim 3: To develop a novel therapeutic adhesive that has the triple benefits of Ca and P
ion-recharge, antibacterial activity, and protein-repellent function. To evaluate the
influence of incorporating DMAHDM and MPC on Ca and P ion-recharge and re-release
properties.

Overall Hypothesis:
Incorporating DMAHDM, MPC and NACP will result in efficient anti-caries qualities,
remineralizing CaP ions with long-term recharge capability, bactericidal activity, and
protein-repelling function, without adversely affecting the dentin-restoration bond
strength.
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CHAPTER TWO
NOVEL ION-RECHARGEABLE AND ANTIBACTERIAL ADHESIVE WITH
CALCIUM AND PHOSPHATE LONG-TERM RE-RELEASE
TO INHIBIT SECONDARY CARIES

Chapter Abstract
Objectives: A calcium (Ca) and phosphate (P) ion rechargeable adhesive was
recently developed. However, that adhesive was not antibacterial. The objectives of this
study were to develop an antibacterial and CaP rechargeable adhesive, and investigate the
effects of dimethylaminododecyl methacrylate (DMAHDM) and nanoparticles of
amorphous calcium phosphate (NACP) on dentin bonding, biofilm response, and
repeated Ca and P ion recharge and re-release capability for the first time.
Methods: Pyromellitic glycerol dimethacrylate (PMGDM), ethoxylated bisphenol
A dimethacrylate (EBPADMA), 2-hydroxyethyl methacrylate (HEMA) and bisphenol A
glycidyl dimethacrylate (BisGMA) formed the adhesive (PEHB). Four groups were
tested: (1) Scotchbond (SBMP, 3M) control, (2) PEHB + 30% NACP, and (3) PEHB +
30% NACP + 5% DMAHDM. Specimens were tested for dentin shear bond strength, and
Ca and P ion release, recharge and re-release. A human saliva microcosm biofilm model
was used to analyze lactic acid production and colony forming units (CFU) on resins.
Results: The four groups had similar dentin shear bond strengths (p > 0.1).
Adhesive with DMAHDM showed 3-fold decrease in metabolic activity, 10-fold
decrease in lactic acid, and 3-log decrease in biofilm CFU, compared to commercial
adhesive (p < 0.05). The adhesives containing NACP released high levels of Ca and P
ions. After the ion release was exhausted and the adhesives were recharged, they again
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had substantial ion release for 14 days after one recharge. There was no decrease in ion
re-release with increasing the number of recharge and re-release cycles (p > 0.1),
indicating a long-term remineralization capability.
Significance: This study developed the first Ca and P ion-rechargeable and
antibacterial adhesive, achieving strong antibacterial activity and Ca and P ion recharge
and re-release for long-term remineralization. It decreased biofilm acid by 10 folds and
biofilm CFU by 3 logs. This novel adhesive is promising for tooth restorations to inhibit
caries.

2.1. Introduction
Composite resins have gained increasing popularity and have become the most widely
used material to restore decayed and damaged teeth, due to their esthetics, direct-filling
capability and improved clinical performance [70-73]. Extensive studies have resulted in
significant improvements in composite fillers, polymer compositions, handling and
polymerization properties [74-76] However, moderate to large composite restorations
have higher failure rates then amalgam [77]. Composite restorations fail for various
reasons, among which secondary caries at the margins is a leading factor [78, 79],
accounting for up to 55% of all failures [80]. Secondary caries appeared to be related
with the fact that resinous materials accumulated more biofilms and plaque than other
restorative materials [81, 82].
Cariogenic bacteria produce acids that can dissolve the calcium phosphate
minerals in enamel and dentin, eventually leading to caries [83]. Colonization of bacteria
often occurs at the restoration margins that are secluded and in shortage of oxygen and
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mechanical disturbance [84]. The presence of micro-gaps further complicates biofilm
removal,

leading

to

bacterial

invasion

along

the

adhesive-tooth

interface,

demineralization, and eventually secondary caries formation [85, 86]. Furthermore,
conservative cavity preparation that retains the affected tooth structures and removes only
the infected dentin is expected to harbor more residual bacteria [87]. Therefore, it is
desirable to develop a bioactive adhesive that can kill residual bacteria in the cavity and
prevent new bacterial invasion along the tooth-restoration margins, thereby protecting the
pulp and inhibiting recurrent caries.
Antibacterial properties are desirable for dental polymers for three main reasons:
First, the oral cavity contains one of the most ecologically diverse microbial populations,
some of which are cariogenic and produce organic acids; second, polymers offer a
favorable environment for microorganisms by providing a source of carbon and oxygen;
finally, microorganisms adsorbed on the surface of materials might lead to secondary
caries, periodontal inflammation and/or oral mucosal lesions [88]. To address these
issues, quaternary ammonium monomers (QAMs) with bactericidal properties have been
synthesized and incorporated into dental polymers to reduce biofilm growth and viability
[85, 89, 90]. The QAM double bond can react with resin monomers to build a crosslinked network, which is beneficial to maintain the resin’s mechanical properties and
increase its antibacterial durability [88]. It has been found that the antibacterial efficacy
of

QAMs

increased

with

increasing

the

amine

chain

length

from
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(dimethylaminododecyl methacrylate, or DMADDM) to 16 (dimethylaminohexadecyl
methacrylate, or DMAHDM) [52]. Incorporating DMAHDM into adhesives resulted in
substantial reduction in bacterial early-attachment as well as colony-forming unit (CFU)
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counts [91-94]. Meanwhile, the bond strength and cytotoxicity were similar to those of
commercial control adhesives [93-95].
Another

method

applies

nanotechnological

innovation

to

improve

remineralization via the synthesis of nanoparticles of amorphous calcium phosphate
(NACP) [63]. The incorporation of NACP in adhesives provided a continuous release of
calcium (Ca) and phosphate (P) ions [63], resulting in the precipitation and deposition of
minerals into tooth structures [43]. Acid production by biofilms can decrease the local
plaque pH to a cariogenic range of 4-5, which could lead to demineralization and caries
[66]. NACP could neutralize a lactic acid solution of pH 4 by increasing the pH rapidly to
nearly 6, which could avoid caries formation [64, 66]. Another advantage of
incorporating NACP into resins is that they are “smart” and could release relatively high
amounts of Ca and P ions when the pH is reduced, when these ions are most needed to
combat caries [63, 65]. This makes the NACP even more effective in individuals with
high caries risk, where the pH is usually more acidic. However, the Ca and P ion release
was reported to last for only a couple of months and then diminished over time, which is
too short for clinical benefits [96, 97].
More recently, a novel Ca and P recharge technique was developed to prolong the
ion release [67]. The NACP resins could be repeatedly recharged with Ca and P ions, via
solutions such as mouthwashes, to have long-term ion release [67, 68]. However, the
previous rechargeable NACP-containing adhesive had no antibacterial activity [67].
Another study added DMAHDM and NACP into an adhesive which was shown to reduce
biofilm activity [98]. Although the adhesive composition could potentially be ion
rechargeable, that study did not investigate the influence of adding DMAHDM on the ion
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recharge and re-release efficacy, and there was no demonstration whether the
antibacterial adhesive was Ca and P ion rechargeable or not [98].
Accordingly, the objectives of this study were to develop a novel Ca and P ionrechargeable adhesive with antibacterial functions, and to evaluate the addition of
DMAHDM on Ca and P recharge and re-release for the first time. The following
hypotheses were tested: (1) Incorporating NACP and DMAHDM into adhesive would not
compromise dentin bond strength, compared to that without NACP and DMAHDM; (2)
rechargeable adhesive with NACP and DMAHDM would have strong anti-biofilm
properties; and (3) the rechargeable and antibacterial adhesive would have Ca and P ion
recharge and re-release that shows no decrease with increasing the number of recharge
cycles.

2.2. Materials and methods
2.2.1. Fabrication of CaP rechargeable and antibacterial adhesive
To fabricate a primer, pyromellitic glycerol dimethacrylate (PMGDM) and 2hydroxyethyl methacrylate (HEMA) (Esstech, Essington, PA) were mixed at a mass ratio
3.3/1, with 50% acetone solvent (all mass fractions) [99]. The adhesive consisted of
44.5% PMGDM, 39.5% ethoxylated bisphenol A dimethacrylate (EBPADMA) (SigmaAldrich, St, Louis, MO), 10% HEMA, and 5% bisphenol A glycidyl dimethacrylate
(BisGMA) [68]. Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (Esstech) was
added as a photo-initiator at 1% mass fraction [68]. This adhesive was termed PEHB.
DMAHDM was synthesized using a modified Menschutkin reaction following
previous studies [100-102]. Briefly, 10 mmol of 2-(dimethylamino)ethyl methacrylate
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(DMAEMA, Sigma-Aldrich) and 10 mmol of 1-bromohexadecane (BHD, TCI America,
Port-land, OR) were combined with 3 g of ethanol in a 20 mL scintillation vial. The vial
was stirred at 70 °C for 24 hours (h). The solvent was then removed via evaporation,
yielding DMAHDM as a clear, colorless, and viscous liquid [100]. DMAHDM was
mixed into PEHB at 5% mass fraction, as this was reported to produce a strong
antibacterial activity without compromising the mechanical properties of the resin [93].
NACP [Ca3(PO4)2] was synthesized via a spray-drying technique as previously
described [63, 64]. Briefly, calcium carbonate and dicalcium phosphate anhydrous were
dissolved into an acetic acid solution. The concentrations of Ca and P ion concentrations
were 8 mmol/L and 5.333 mmol/L, respectively, yielding a Ca/P molar ratio of 1.5. The
solution was sprayed into a heated chamber to evaporate the water and volatile acid. The
dried NACP powder was collected by an electrostatic precipitator, which yielded NACP
with mean particle size of approximately 116 nm [63, 64]. NACP fillers were mixed into
the adhesive at mass fractions of 30%, which was shown to produce high levels of Ca and
P ion release with no adverse effect on the dentin shear bond strength [68].
Scotchbond Multi-Purpose bonding system (SBMP, 3M, St. Paul, MN) served as
the commercial control. According to the manufacturer, SBMP primer contained 35-45%
HEMA, 10-20% copolymer of acrylic and itaconic acids, and 40-50% water. SBMP
adhesive contained 60-70% BisGMA and 30-40% HEMA. Three systems were
investigated:
[1]

SBMP commercial control (referred to as SBMP control);

[2]

Rechargeable PEHB + 30% NACP (referred to as “Rechargeable adhesive”);
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[3]

Rechargeable PEHB + 30% NACP + 5% DMAHDM (referred to as

“Rechargeable & antibacterial adhesive”).
Additionally, PEHB (with no NACP, no DMAHDM) was tested for bond strength
as the experimental control. The purpose was to investigate whether the incorporation of
NACP and/ or DMAHDM had any adverse effects on the dentin bond strength.

2.2.2. Dentin shear bond strength testing
Extracted human third molars were stored in 0.01% thymol solution at 4 °C. The use of
teeth was approved by the University of Maryland Baltimore Institutional Review Board.
Teeth were sectioned perpendicular to their long axis utilizing a diamond saw under
water coolant (Isomet, Buehler, Lake Bluff, IL) to expose the mid-coronal dentin, which
was then polished with 600-grit SiC paper.

Dentin surface was etched with 37%

phosphoric acid for 15 seconds (s), then rinsed with water for 15 s. Primer was applied
with a brush-tip applicator, followed by a gentle air blow for 5 s. An adhesive was then
applied and light-cured for 20 s with Optilux curing unit (VCL 401, Demeron Kerr,
Danbury, CT). A stainless-steel cylindrical mold (inner diameter = 4 mm, thickness = 1.5
mm) was placed on the adhesive-treated dentin surface [99]. Composite resin (TPH,
Caulk/Dentsply, Milford, DE) was placed and condensed into the mold, and then lightcured for 60 s. The bonded specimens were stored in distilled water at 37 °C for 24 h. A
chisel on a Universal Testing Machine (MTS, Eden Prairie, MN) was aligned to be
parallel to the composite-dentin interface. Load was applied at a cross-head speed of 0.5
mm/min until bond failure [99]. Dentin shear bond strength = 4P/(πd2), where P is the
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load at failure, and d is the diameter of the composite [99]. Ten teeth were tested for each
group.

2.2.3. Specimen fabrication for biofilm experiments
The cover of a sterile 96-well plate (Costar, Corning Inc., Corning, NY) was used as
molds to fabricate disk specimens following previous studies [85, 100]. Briefly, 20 µL of
each adhesive was placed in the dent and photo-polymerized for 30 s, using a mylar strip
covering to obtain a disk of approximately 8 mm in diameter and 0.5 mm in thickness.
The cured disks were immersed in 200 mL of distilled water and magnetically-stirred
with a bar at a speed of 100 rpm for 1 h to remove any uncured monomers, following a
previous study [103]. The disks were then sterilized with ethylene oxide (Anprolene
AN74i, Andersen, Haw River, NC) and de-gassed for 3 days (d) [100].

2.2.4. Saliva collection for biofilm inoculum
A dental plaque microcosm model with human saliva as inoculum was used following
previous studies [89, 90]. The saliva donation was approved by the University of
Maryland Baltimore Institutional Review Board. Saliva was collected from ten healthy
adult donors having natural dentition without the use of antibiotics within the last 3
months. The donors did not brush teeth for 24 h and abstained from food and drink intake
for 2 h prior to donating saliva. An equal volume of saliva from each of the ten donors
was combined to form the saliva sample. The saliva was diluted in sterile glycerol to a
concentration of 70%, and stored at −80°C for subsequent experiments [104].
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2.2.5. Dental plaque microcosm biofilm formation and live/dead assay
The saliva-glycerol stock was added, with 1:50 final dilution, to a growth medium as
inoculum. The growth medium contained mucin (type II, porcine, gastric) at a
concentration of 2.5 g/L; bacteriological peptone, 2.0 g/L; tryptone, 2.0 g/L; yeast extract,
1.0 g/L; NaCl, 0.35 g/L, KCl, 0.2 g/L; CaCl2, 0.2 g/L; cysteine hydrochloride, 0.1 g/L;
hemin, 0.001 g/L; vitamin K1,0.0002 g/L, at pH 7 [105]. 1.5 mL of inoculum was added
to each well of 24-well plates containing a resin disk, and incubated at 37 °C in 5% CO2
for 8 h. Then, the disks were transferred to new 24-well plates, filled with fresh medium,
and incubated. After 16 h, the disks were transferred to new 24-well plates with fresh
medium and incubated for 24 h. This totaled 2 days of culture, which formed relatively
mature biofilms on resins as shown previously [104]. Disks with 2-day biofilms were
washed with PBS and stained using the BacLight live/dead kit (Molecular Probes,
Eugene, OR) [89, 90]. Live bacteria were stained with Syto 9 to produce a green
fluorescence. Bacteria with compromised membranes were stained with propidium iodide
to produce a red fluorescence. The stained disks were examined using an inverted
epifluorescence microscope (Eclipse TE2000-S, Nikon, Melville, NY). Six specimens
were evaluated for each group. Three randomly-chosen fields of view were photographed
for each disk, yielding a total of 18 images for each group.

2.2.6. Lactic acid production by biofilms
Resin disks with 2-day biofilms were rinsed with cysteine peptone water (CPW) to
remove loose bacteria [89]. The disks were transferred to 24-well plates containing
buffered peptone water (BPW) plus 0.2% sucrose. The disks were incubated in 5% CO2
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at 37 °C for 3 h to allow the biofilms to produce acid [89]. The BPW solutions were then
stored for lactate analysis. Lactate concentrations in the BPW solutions were determined
using an enzymatic (lactate dehydrogenase) method, following a previous study [89]. A
microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA) was used to
measure the absorbance at 340 nm (optical density OD340) for the collected BPW
solutions. Standard curves were prepared using a lactic acid standard (Supelco,
Bellefonte, PA) as in previous studies [89].

2.2.7. Colony-forming unit (CFU) counts of biofilms
Disks with 2-day biofilms were transferred into tubes with 2 mL CPW, and the biofilms
were harvested by sonication and vortexing (Fisher, Pittsburgh, PA) [89, 90]. Three types
of agar plates were prepared. (1) Tryptic soy blood agar culture plates were used to
determine total microorganisms [105]. (2) Mitis salivarius agar (MSA) culture plates
containing 15% sucrose were used to determine total streptococci [106]. (3) MSA agar
culture plates plus 0.2 units of bacitracin per mL was used to determine mutans
streptococci [105]. The bacterial suspensions were serially diluted, spread onto agar
plates and incubated at 37 °C in 5% CO2 for 48 h. The number of colonies, along with the
dilution factor, was used to calculate the CFU on each resin disk [89, 90].

2.2.8. MTT assay of metabolic activity of biofilms
A MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide) assay was used to
examine the metabolic activity of biofilms [89, 90]. MTT is a colorimetric assay that
measures the enzymatic reduction of MTT, a yellow tetrazole, to formazan. Disks with 2-
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day biofilms were transferred to a new 24-well plate, then 1 mL of MTT dye (0.5 mg/mL
MTT in PBS) was added to each well and incubated at 37 °C in 5% CO2 for 1 h. During
this process, metabolically active bacteria reduced the MTT to purple formazan. After 1
h, the disks were transferred to a new 24-well plate, 1 mL of dimethyl sulfoxide (DMSO)
was added to solubilize the formazan crystals, and the plate was incubated for 20 min at
room temperature in the dark. After mixing via pipetting, 200 mL of the DMSO solution
from each well was transferred to a 96-well plate, and the absorbance at 540 nm was
measured via the microplate reader (Spectra-Max M5). A higher absorbance is related to
a higher formazan concentration, which indicates a higher metabolic activity in the
biofilm on the disk [89, 90].

2.2.9. Ca and P ion release measurement
The adhesive resin specimens containing NACP were tested for the release of Ca and P
ions. A sodium chloride (NaCl) solution (133 mmol/L) was buffered to pH 4 with 50
mmol/L lactic acid, simulating a cariogenic low pH condition [63, 107]. For each NACPadhesive group, three specimens of approximately 2 x 2 x 12 mm were immersed in 50
mL of solution to yield a specimen volume/solution of 2.9 mm3/mL. This was similar to a
specimen volume per solution of about 3.0 mm3/mL in a previous study [108]. Eight
specimens were used for each group (n = 8). 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 and 70 d.
At each time, aliquots of 0.5 mL were collected and replaced with fresh solution. The pH
of the immersion solutions was monitored and adjusted to pH 4 with 50 mmol/L lactic
acid using a combination pH electrode (Accumet XL25, Fisher Scientific, Pittsburgh,
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PA). The aliquots were analyzed for Ca and P concentrations via a spectrophotometric
method (DMS-80 UV-visible, Varian, Palo Alto, CA) using known standards and
calibration curves [68]. This ion release from the adhesive specimens was termed “initial
release” to differentiate from the subsequent ion recharge and re-release.

2.2.10. Recharge of NACP adhesive and re-release of Ca and P ions
After 70 d of ion release, the specimens were collected and stored in 50 mL of fresh NaCl
solution at pH 4 for 7 d to make sure that their ion release was exhausted, with no more
ion release [68]. Then, the specimens were removed from the immersion solution and
ultrasonicated with distilled water for 30 min. These exhausted specimens were then used
for the ion recharge experiment. The calcium ion recharge solution consisted of 100
mmol/L of CaCl2 and 50 mmol/L of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer [68]. The phosphate ion recharge solution consisted of 60 mmol/L of
KHPO4 and 50 mmol/L of HEPES. The two solutions were adjusted to pH 7 using 1
mol/L of KOH [68]. Three exhausted specimens of 2 x 2 x 12 mm were immersed into 5
mL of the Ca recharge solution and gently shaken on a vortex (Analog Vortex Mixer,
Fisher, Waltham, MA) at a power level of 3 for 1 min. This immersion and shaking
treatment attempted to simulate the mouth-rinsing process. Then the specimens were
immersed into 5 mL of the phosphate ion recharge solution for 1 min. Then, the
specimens were rinsed with running distilled water for 1 min to remove any loosely
attached deposits on the specimen surfaces; hence only the ions recharged into the
interior of the resin were measured in the subsequent re-release test. This recharge was
repeated for three times on one day, at about 9:00 am, 1:00 pm and 5:00 pm, and the
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specimens were kept in laboratory air for the time in-between. Thus, the specimens
received three doses of recharge, simulating a mouth-rinse in the morning, afternoon and
evening. Preliminary studies indicated that such a single day of recharge was sufficient to
produce 2 weeks of ion release without any additional recharge. To measure Ca and P ion
re-release, the recharged specimens were immersed in 50 mL of the pH 4 solution. The
ion re-release was measured at 1, 3, 5, 7, 9, 11 and 14 d (without any further recharge
during those 14 d), as one cycle. Then the specimens were recharged again to start the
second cycle. To investigate whether the recharge capability of the specimens would
decrease with increasing number of cycles, this recharge and re-release was repeated for
three cycles in the present study.
After three cycles of recharge and re-release, the specimens were immersed in 50 mL of
fresh pH 4 solution in order to investigate how long the specimens could further release
Ca and P ions without any further recharge. The measurements of Ca and P ion re-release
from these specimens were continued for an additional 42 days. The concentrations of Ca
and P ions were measured at 1, 2, 3, 4, 5, 6, 7, 14, 21, 28, 35 and 42 days.

2.2.11. Statistical analysis
Kolmogorov-Smirn test and Levene test were performed to confirm the normality and
equal variance of data. The results of shear bond strength and Ca and P ion release were
analyzed with two-way analyses of variance (ANOVA). Post hoc multiple comparisons
were performed using the Tukey’s honestly significant difference test. Statistical
significance was set at p˂0.05, using the SPSS 22.0 software package (SPSS, Chicago,
IL, USA).
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2.3. Results
The dentin shear bond strength results are plotted in Figure 2.1 (mean ± sd; n = 10). The
adhesive with NACP and DMAHDM had dentin bond strength matching PEHB alone,
PEHB with NACP, and SBMP control (p > 0.1).
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Figure 2.1. Dentin shear bond strengths (mean ± sd; n = 10). The addition of 30% NACP and 5%
DMAHDM did not adversely affect the bond strength, which was similar to the experimental
bonding agent control and the commercial control (p > 0.05) [109].

Representative live/dead staining images of 2-day biofilms on resins are shown in
Figure 2.2. In (A) and (B), experimental control and commercial control adhesives were
nearly fully covered by live bacteria. In contrast, image (C) showed much less bacterial
adhesion, and the biofilms consisted of primarily dead bacteria with red and yellow
staining.

Fig. 1
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Figure 2.2.adhesive
Live/dead staining images of biofilms grown on resin disks. The live bacteria were
stained green, and the dead bacteria were stained red. Disk specimen of the SBMP and the
rechargeable adhesive groups (A and B) were fully covered primarily by live bacteria. In contrast,
disks of DMAHDM-incorporated adhesive (C) showed much less bacterial adhesion and the
biofilms consisted primarily of dead bacteria [109].
Fig. 2

100 µm

Figure 2.3 plots the CFU counts of 2-day biofilms on resins: (A) Total
microorganisms, (B) total streptococci, and (C) mutans streptococci (mean ± sd; n = 6).
Experimental and commercial controls had similar CFU for total streptococci and mutans
streptococci (p > 0.1), while total microorganisms for SBMP control had more CFU
Fig. 2

counts than the experimental control (p < 0.05). The total microorganisms, total
streptococci and mutans streptococci on adhesives containing DMAHDM were almost 3
orders of magnitude less than those of controls.
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Figure 2.3. Colony-forming unit (CFU) counts of biofilms grown on resins: (A) total microorganisms,8 (B) total
streptococci, and (C) mutans streptococci (mean ± sd; n = 6). All three CFU
f
10
f
counts on the adhesive containing
DMAHDM were significantly lower than those on the controls
(p < 0.05). Note the log scale in the y axis [109].

Lactic acid produced by biofilms is plotted in Figure 2.4 (A) (mean ± sd; n = 6).
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The DMAHDM-containing adhesive reduced lactic acid production by a factor of 10,
Fig. 3
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compared to that of the SBMP adhesive (p < 0.05). The MTT metabolic activity of 2-day
biofilms on resins is plotted in Figure 2.4 (B) (mean ± sd; n = 6). Experimental control
and commercial control had similar MTT activity (p > 0.1). Adding DMAHDM to the
adhesive significantly reduced the metabolic activity of biofilms (p < 0.05)
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Figure 2.4. Biofilm viability on resins presented by (A) Lactic acid production, and (B)
metabolic activity (mean ± sd; n = 6). The addition of antibacterial monomer resulted in about 8to 9-fold decrease in the lactic acid, and 2- to 3-fold decrease in metabolic activity, when
compared to biofilms on the SBMP control (p < 0.05) [109].
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The initial Ca and P ion released from adhesive specimens are plotted in Figure
2.5 (mean ± sd; n = 6). For all NACP-containing adhesives, the ion concentrations
significantly increased with time from 1 to 70 d, indicating continued ion release (p <
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Figure 2.5. Initial calcium and phosphate ion release (mean ± sd; n = 6) from the adhesive
specimens. Both rechargeable adhesive, and rechargeable antibacterial adhesive had high Ca and
P ion releases over 70 days [109].
Fig. 5
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The exhausted specimens were recharged and the ion re-release was measured for
14 d, as one cycle. The results of three recharge/re-release cycles are plotted in Figure 2.6
(mean ± sd, n = 4). The adhesive with antibacterial monomer had continuous ion release
after recharge, and there was no decrease in ion release from the first recharge/re-release
cycle to the third cycle.
For each cycle, the ion release reached a similarly high level, demonstrating a
long-term recharge/re-release capability. The Ca and P ion concentrations released from
the antibacterial adhesive were lower than the adhesive without DMAHDM by 27% and
25%, respectively (p < 0.05).
After three cycles of recharge and re-release, the continuous Ca and P ion rerelease of the specimens without further recharge was measured for 42 d (Figure 2.7)
(mean ± sd, n = 4). The rechargeable adhesive had higher Ca and P ion re-release up to d
42 (p < 0.05). The released Ca and P ion concentrations continued to increase for
additional 7 d then reached a plateau. These results demonstrate that after the third
recharge, the specimens could continue to release Ca and P ions for 14 d in Figure 2.6,
and then continue to release ions for about 7 d in Figure 2.7. Hence, they had significant
ion release lasting for about 21 d after one recharge.

33

Phosphate Ion Re-release (mmol/L)

Calcium Ion Re-release (mmol/L)

Cycle 1

Cycle 2

Cycle 3
(A)

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

0

7

14

21

Cycle 1

1.6

28

35

Cycle 2

42

Cycle 3
(B)

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

0

7

14

21

28

35

42

Immersion Time (days)
Figure 2.6. Ca and P ion re-release from adhesive resin specimens after ion recharge (mean ± sd;
n = 4). Both adhesives showed continuous ion re-release after each recharge. There was no
decrease in the ion re-release when increasing the number of recharge and re-release cycles from
1 to 3 (p > 0.1) [109].
Fig. 6

34

Ca Ion Re-release (mmol/L)

2.0

(A)

1.8

Rechargeable adhesive

1.6
1.4
1.2
1.0
0.8

Rechargeable & antibacterial
adhesive

0.6
0.4
0.2
0.0
0

7

P Ion Re-release (mmol/L)

1.4

14

21

28

35

Rechargeable adhesive

42

(B)

1.2
1.0
Rechargeable & antibacterial
adhesive

0.8
0.6
0.4
0.2
0.0
0

7

14

21

28

35

42

Immersion Time (days)

Figure 2.7. Ca and P ion re-release from adhesive resin specimens after ion recharge (mean ± sd;
n = 4). Both adhesives showed continuous ion re-release after each recharge. There was no
Fig. 4
decrease in the ion re-release when increasing the number of recharge and re-release cycles from
1 to 3 (p > 0.1) [109].
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2.4. Discussion
This study developed a novel CaP-rechargeable and antibacterial adhesive, demonstrating
strong antibacterial activity and Ca and P ion rechargeability and re-release for the first
time. The hypotheses were proven that incorporating NACP and DMAHDM into the
adhesive did not adversely affect the dentin bond strength, compared to that without
NACP and DMAHDM; the rechargeable adhesive containing NACP and DMAHDM
possessed potent anti-biofilm functions; and the rechargeable and antibacterial adhesive
demonstrated Ca and P ion recharge and re-release that showed no decrease from
recharge cycle 1 to 3.
The rechargeable adhesive containing NACP without DMAHDM had more Ca
and P ion release than that containing NACP plus DMAHDM. This was likely due to the
higher viscosity of DMAHDM which was added to the adhesive, yielding a higher
viscosity for the DMAHDM-containing adhesive with less water-intake into the resin to
facilitate the ion release and recharge, compared to that without DMAHDM. Further
study is needed to determine why adding DMAHDM slightly decreased the ion release
and recharge. Nonetheless, the rechargeable adhesive containing NACP and DMAHDM
still had relatively high levels of Ca and P ion release. It was reported that resin-based
CaP cements achieved successful remineralization in tooth structures, with Ca ion release
of approximately 0.3 mmol/L and P ion release of 0.05 mmol/L [96]. In the present study,
the NACP rechargeable adhesive and the NACP plus DMAHDM rechargeable adhesive
had much greater Ca and P ion releases than those in the aforementioned study [96].
Therefore, both the NACP rechargeable adhesive and the NACP plus DMAHDM
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rechargeable adhesive are expected to induce successful remineralization in tooth
structures, which require further study.
Fluoride ions (F) were shown to help reduce caries by enhancing remineralization
and converting the hydroxyapatite in enamel to the less-soluble and more acid-resistant
fluoroapatite [60]. F at high concentrations has also been shown to moderately suppress
bacteria growth [61]. However, the F-release capability of dental restorative materials is
generally much lower than 45-100 ppm, the level at which F shows a significant
antibacterial effect [60, 62]. In addition, F-releasing resins cannot provide the Ca and P
ions needed for remineralization, and do not have acid-neutralization capability to
increase the acidic plaque pH. Therefore, the reduction and prevention of secondary
caries by other means is a needed. The purpose of NACP incorporation was for the
adhesive to obtain Ca and P ion release for remineralization. Amorphous calcium
phosphate (ACP, Ca3[PO4]2) is a precursor that can convert to apatite, which is similar to
the minerals in tooth enamel and dentin [99]. The incorporation of NACP in adhesives
provides a continuous release of Ca and P ions [63], with greater ion release than micronsize particles due to the much higher surface area of NACP [43]. Indeed, a NACP
composite achieved the remineralization of demineralized enamel that was 4-fold that of
a commercial fluoride-releasing composite [64]. Furthermore, a human in situ caries
model showed that a NACP composite successfully inhibited enamel demineralization at
the composite-enamel margins in human participants [110]. The present study showed
that after each recharge, the NACP-containing adhesives provided continuous ion rerelease for at least two weeks without further recharge. In addition, the recharge
capability was maintained over time and did not decrease while increasing the number of
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recharge and re-release cycles. The rechargeability of NACP-incorporated adhesive likely
depends on two mechanisms [68]. First, the carboxylate groups of PMGDM in the
adhesive can chelate with Ca ions in the recharge solution. There likely is a dynamic
equilibrium between the chelation of Ca ions to the PMGDM monomer and the release
from the monomer, which is dependent on the local pH of the immersion solution. The
solution of recharge (simulating a mouth rinse) had a pH of 7. After the recharging
process, during the re-release, the bond between PMGDM and calcium ions may be
severed in the pH 4 solution in which the re-release was measured, simulating a local
cariogenic pH from biofilm acids. The second factor that may have contributed to the
rechargeability may be the ion space-occupying effect. After the initial Ca and P ion
release, which exhausted the ion release from the resin, the sites in the resin matrix that
were previously occupied by the Ca and P ions became available for the incoming Ca and
P ions from the recharge solution.
Besides Ca and P ions for remineralization, antibacterial activity is also desirable
to reduce biofilm acids to combat caries. Silver nanoparticles (NAg) were reported to
reduce bacterial colonization in the marginal gaps when incorporated into dental
adhesives [43]. However, concerns of Ag toxicity have been reported [45, 46], although
the cytotoxic effects on human cells were absent when 0.05–0.70% concentrations of
NAg were incorporated in polymers [47]. Another concern is that NAg is opaque and unesthetic, and may reduce the degree of conversion of monomers, thus increasing the
amount of residual monomers which may cause allergic reactions [48]. Toxicity concerns
were also reported for other antibacterial nanoparticles such as zinc oxide nanoparticles
and titanium dioxide-based nanoparticles [49]. Quaternary ammonium monomers have
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the ability to copolymerize with resin monomers and form a covalent bonds, and thus
they can provide antibacterial effects without impacting mechanical properties [88].
Moreover, as they are immobilized in the resin matrix, and not released or lost over time,
they are expected to provide a durable antibacterial capability [85, 103, 111]. The
antibacterial mechanism of DMAHDM is through contact-inhibition; when the negatively
charged bacterial cells contact the positive quaternary amine charge (N+), the electric
balance is disturbed and the bacteria explode under their own osmotic pressure [62]. Such
an antibacterial property would be useful for an adhesive, because previous studies
revealed micro-gaps between the adhesive and the primed dentin, or between the
adhesive and the hybrid layer [112, 113]. Therefore, a large portion of the marginal gap is
surrounded by the adhesive resin, hence the invading bacteria would come into contact
with the adhesive surface to be killed by contact-inhibition. Consequently, the
mechanism of contact-inhibition is of particular importance for an adhesive and is
expected to help minimize secondary caries around the margins of composite
restorations.
Streptococcus mutans (S. mutans) has been implicated as one of the major
bacteria with consistent clinical association to caries [114]. Lactic acid is a major product
of the metabolism of fermentable carbohydrates by S. mutans as it represents 70% of the
organic acids in the human oral biofilms [92]. Moreover, lactic acid may degrade resinbased materials and changing their surface hardness [115]. Fatigue failure of dentin is
also accelerated when exposed to lactic acid [116]. In the present study, the biofilm on
DMAHDM-incorporated adhesive had lactic acid production that was one-tenth that of
the commercial SBMP control. While several previous studies used single-species
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bacteria models [117-119], the present study used a dental plaque microcosm model.
Dental plaque is a complicated ecosystem with about 1,000 bacterial species, hence
microcosm models could maintain much of the complexity and heterogeneity in vivo
[105]. The new adhesive greatly reduced CFU of total microorganisms, total streptococci,
and mutans streptococci. Regarding future studies, the complex oral environment exposes
the restorative material to different challenges such as cyclic fatigue, thermal cycling and
pH cycling, which were not simulated in this study. Hence, further studies should
investigate the influence of these challenges on the bond strength, antibacterial activity
and Ca and P ion release. Nonetheless, the method of using rechargeable NACP +
DMAHDM is applicable in a wide range of applications including composites, cements
and sealants to have long-term CaP rechargeable remineralization capability and to
inhibit biofilms and caries.
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CHAPTER THREE
IMPARTING NOVEL PROTEIN-REPELLENT CAPABILITY TO THE NEW
THERAPEUTIC BIOACTIVE ADHESIVE

Chapter Abstract
Objectives: The objectives were to develop a calcium (Ca) and phosphate (P)
ion-rechargeable and protein-repellent adhesive containing nanoparticles of amorphous
calcium phosphate (NACP) and 2-methacryloyloxyethyl phosphorylcholine (MPC), and
investigate the MPC effects on ion recharge and re-releases for the first time.
Methods: Pyromellitic glycerol dimethacrylate and ethoxylated bisphenol-A
dimethacrylate were used to fabricate adhesive PEHB. Six adhesives were tested: (1)
Scotchbond (SBMP); (2) PEHB, (3) PEHB+20%NACP; (4) PEHB+30%NACP; (5)
PEHB+20%NACP+3%MPC; (6) PEHB+30%NACP+3%MPC. Dentin shear bond
strength, Ca/P ion release, recharge and re-release, and protein adsorption were
measured. A microcosm biofilm model was tested for lactic-acid production and colonyforming units (CFU).
Results: Adding NACP+MPC did not negatively affect dentin bond strength
(p>0.1). With increasing the number of recharge/re-release cycles, the Ca/P ion re-release
reached similarly higher levels (p>0.1), indicating long-term remineralization capability.
One recharge enabled the adhesives to have continued re-releases for 21 days.
Incorporation of 3% MPC yielded 10-fold decrease in protein adsorption, and 1-2 log
decrease in biofilm CFU.
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Conclusions: The new rechargeable adhesive with MPC+30%NACP greatly
reduced protein adsorption, biofilm growth and lactic acid. Incorporation of MPC did not
compromise the excellent Ca/P ion release, rechargeability, and dentin bond strength.
Clinical significance: Novel bioactive adhesive containing MPC+NACP is
promising to repel proteins and bacteria, and inhibit secondary caries at the restoration
margins. The method of NACP+MPC to combine CaP-recharge and protein-repellency is
applicable to the development of a new generation of materials including composites and
cements to suppress oral biofilms and plaque formation and protect tooth structures.

3.1. Introduction
Secondary caries is defined as a caries lesion at the margin of the restoration and is a
predominant reason for restoration failure [28, 120, 121]. Hydroxyapatite is the main
component of tooth enamel that could decompose into Ca and PO4 during the formation
and growth of oral biofilm, leading to caries formation [122]. This process often occurs at
the margins that are secluded and in shortage of oxygen and mechanical disturbance, such
as the gingival margins of class II restorations [123]. The presence of micro-gaps at the
bonded interface further complicates biofilm removal, leading to bacterial invasion along
the adhesive-tooth interface, demineralization, and eventually secondary caries formation
[85, 86].
Dental composite is the material of choice for direct anterior restorations and is
increasingly implemented in posterior restorations [27, 70, 124]. Composite failure due to
secondary caries has been attributed to some factors such as increase in surface roughness
due to deterioration, decrease in hardness, and the polymerization shrinkage leading to
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microgap formation and microleakage [125]. Advances in fillers and polymers have
produced composites with improved surface properties and lower shrinkage [126, 127].
Adhesive systems aim to bond the composite restoration to tooth structures.
Extensive studies have been performed to improve and characterize enamel and dentin
bonding since a strong and durable adhesion is a key factor in the success of the
restoration [128, 129]. Bonded composite allows practitioners to avoid removing healthy
tooth structure to achieve retention and resistance form, and enables the procedure to be
minimally invasive [130]. The traditional approach of complete caries removal had
carious dentin left in 72% of cavities [131]; therefore, by saving more affected tissues,
carious lesions inadvertently will harbor more residual bacteria [132]. Adhesive systems
with bactericidal properties enable the suppression of residual bacteria and improve the
survival of the restored tooth [87]. Several components have been incorporated into the
adhesives to reduce bacterial growth, to inhibit the metabolic activity of cariogenic
microorganisms and to disinfect cavities from residual bacteria [87, 93, 111, 133]. These
antibacterial adhesives are of particular importance to target biofilms at the margins to
reduce secondary caries and improve longevity of composite restorations.
The formation of a biofilm on tooth surfaces is initiated by selective adsorption of
salivary proteins to form a pellicle within a few minutes after tooth cleaning [134]. As
bacteria approach the pellicle layer, weak physicochemical forces are generated, which
may shortly become irreversible due to adhesins on the microbial cell surfaces [135].
Bacterial colonization starts with the adhesion of early colonizers, such as Streptococcus
mutans [114]. Then, other oral bacteria may co-aggregate to produce a biofilm on the
tooth surface. Oral bacteria then metabolize nutrients in the oral cavity to generate
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organic acids that cause hydroxyappatite decomposition leading to caries [136].
Therefore, it is expected that the initiation of secondary caries could be minimized by
precluding protein adsorption and the subsequent bacterial adhesion on restorative
margins. 2-methacryloyloxyethyl phosphorylcholine (MPC) is a biocompatible polymer
that has a phospholipid polar group, imitating the structure of biomembranes [54]. MPC
has been found to reduce protein adsorption and bacterial adhesion, and inhibit cell
attachment in medical devices [53, 55]. When incorporated into a dental adhesive, MPC
greatly reduced the protein adsorption and bacterial adhesion [56].
The incorporation of nanoparticles of amorphous calcium phosphate (NACP) in
adhesives provided releases of calcium (Ca) and phosphate (P) ions [63], resulting in the
precipitation and deposition of minerals into tooth structures [43]. NACP could neutralize
bacterial acids and increase the local pH from 4 to nearly 6, which could avoid caries
formation [64, 66]. More recently, a novel Ca and P ion recharge technology was
developed to produce long-term ion release [67]. The NACP resins could be repeatedly
recharged with Ca and P ions, via solutions such as mouthwashes, to have long-term
remineralization effects [67, 68]. However, the previous rechargeable NACP-containing
adhesive had no protein-repellent activity [67]. A recent study added MPC into an
adhesive which was shown to greatly reduce biofilm attachment [69]. However, that
study did not investigate the influence of adding MPC on the ion recharge and re-release
efficacy, and there was no demonstration whether the protein-repellent adhesive was Ca
and P ion-rechargeable or not [69].
Accordingly, the objectives of this study were to develop a novel Ca and P ionrechargeable adhesive with protein-repellent function, and to evaluate the addition of
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MPC on Ca and P recharge and re-release properties for the first time. The following
hypotheses were tested: (1) Incorporating NACP and MPC into adhesive would not
compromise dentin bond strength, compared to that without NACP and MPC; (2) the
rechargeable adhesive with NACP and MPC would have strong protein-repelling
properties; and (3) the rechargeable and protein-repelling adhesive would have excellent
Ca and P ion recharge and long-term ion re-release, which would not decrease with
increasing number of recharge and re-release cycles.

3.2. Materials and methods
3.2.1. Fabrication of CaP-rechargeable and protein-repellent adhesive
To fabricate the primer, pyromellitic glycerol dimethacrylate (PMGDM) and 2hydroxyethyl methacrylate (HEMA) (Esstech, Essington, PA) were mixed at a mass ratio
3.3/1, with 50% acetone solvent (all mass fractions) [99]. The adhesive consisted of
44.5% PMGDM, 39.5% ethoxylated bisphenol A dimethacrylate (EBPADMA) (SigmaAldrich, St, Louis, MO), 10% HEMA, and 5% bisphenol A glycidyl dimethacrylate
(BisGMA) [68]. Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (Esstech) was
added as a photo-initiator at 1% mass fraction [68]. This adhesive is termed PEHB.
NACP [Ca3(PO4)2] was synthesized via a spray-drying technique as previously
described [63, 64]. Briefly, calcium carbonate and dicalcium phosphate anhydrous were
dissolved into an acetic acid solution. The concentrations of Ca and P ion concentrations
were 8 mmol/L and 5.333 mmol/L, respectively, yielding a Ca/P molar ratio of 1.5. The
solution was sprayed into a heated chamber to evaporate the water and volatile acid. The
dried NACP powder was collected by an electrostatic precipitator, which yielded NACP
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with mean particle size of approximately 116 nm [63, 64]. NACP were mixed into PEHB
adhesive at mass fractions of 20% and 30%, which were previously shown to produce
high levels of Ca and P ion release with no adverse effect on the dentin shear bond
strength [68].
The protein-repellent monomer, 2-methacryloyloxyethyl phosphorylcholine
(MPC), was synthesized via a method reported by Ishihara et al. [137] and is
commercially available (Sigma-Aldrich). The MPC powder was mixed with PEHB at
mass percentage of 3%, because it was shown in our preliminary study that 3% MPC
yielded a strong protein-repellency without compromising the dentin shear bond strength.
Scotchbond Multi-Purpose bonding system (SBMP, 3M, St. Paul, MN) served as
the commercial control. According to the manufacturer, SBMP primer contained 35-45%
HEMA, 10-20% copolymer of acrylic and itaconic acids, and 40-50% water. SBMP
adhesive contained 60-70% BisGMA and 30-40% HEMA. Five systems were
investigated:

[1]

SBMP commercial control (referred to as SBMP control);

[2]

PEHB control;

[3]

PEHB + 20% NACP;

[4]

PEHB + 30% NACP;

[5]

PEHB + 20% NACP + 3% MPC

[6]

PEHB + 30% NACP + 3% MPC

46

3.2.2. Dentin shear bond strength testing
Extracted human third molars were stored in 0.01% thymol solution at 4 °C. The use of
teeth was approved by the University of Maryland Baltimore Institutional Review Board.
Teeth were sectioned perpendicular to their long axis with a diamond saw under water
coolant (Isomet, Buehler, Lake Bluff, IL) to expose the mid-coronal dentin, which was
then polished with 600-grit SiC paper. Dentin surface was etched with 37% phosphoric
acid for 15 seconds (s), then rinsed with water for 15 s. Primer was applied with a brushtip applicator, followed by a gentle air blow for 5 s. An adhesive was then applied and
light-cured for 20 s with Optilux curing unit (VCL 401, Demeron Kerr, Danbury, CT). A
stainless-steel cylindrical mold (inner diameter = 4 mm, thickness = 1.5 mm) was placed
on the adhesive-treated dentin surface [99]. A composite (TPH, Caulk/Dentsply, Milford,
DE) was placed in the mold and light-cured for 60 s. The bonded specimens were stored
in distilled water at 37 °C for 24 h. A chisel on a Universal Testing Machine (MTS, Eden
Prairie, MN) was aligned to be parallel to the composite-dentin interface. Load was
applied at a cross-head speed of 0.5 mm/min until bond failure [99]. Dentin shear bond
strength = 4P/(πd2), where P is the load at failure, and d is the diameter of the composite
[99]. Ten teeth were tested for each group.

3.2.3. Ca and P ion release measurement
The adhesive resin specimens containing NACP were tested for the release of Ca and P
ions. A sodium chloride (NaCl) solution (133 mmol/L) was buffered to pH 4 with 50
mmol/L lactic acid, simulating a cariogenic low pH condition [63, 107]. For each NACPadhesive group, three specimens of approximately 2 x 2 x 12 mm were immersed in 50
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mL of solution to yield a specimen volume/solution of 2.9 mm3/mL. This was similar to a
specimen volume per solution of about 3.0 mm3/mL in a previous study [108]. Eight
specimens were used for each group (n = 8). 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 and 70
days. The pH of the immersion solutions was monitored using a combination pH
electrode (Accumet XL25, Fisher Scientific, Pittsburgh, PA) and adjusted to pH 4 with
50 mmol/L lactic acid simulating biofilm acid challenges. The collected aliquots were
analyzed for Ca and P concentrations via a spectrophotometric method (DMS-80 UVvisible, Varian, Palo Alto, CA) using known standards and calibration curves [68]. This
ion release from the adhesive specimens was termed “initial release” to differentiate from
the subsequent ion recharge and re-release.

3.2.4. Recharge of NACP adhesive and re-release of Ca and P ions
After 70 days of ion release, the specimens were collected and stored in 50 mL of fresh
NaCl solution at pH 4 for 7 days to confirm that their ion release was exhausted [68].
Then, the specimens were removed from the immersion solution and ultrasonicated with
distilled water for 30 min. These exhausted specimens were then used for the ion
recharge experiment. The calcium ion recharge solution consisted of 100 mmol/L of
CaCl2 and 50 mmol/L of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer [68]. The phosphate ion recharge solution consisted of 60 mmol/L of KHPO4 and
50 mmol/L of HEPES. The two solutions were adjusted to pH 7 using 1 mol/L of KOH
[68]. Three exhausted specimens of 2 x 2 x 12 mm were immersed into 5 mL of the Ca
recharge solution and gently shaken on a vortex (Analog Vortex Mixer, Fisher, Waltham,
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MA) at a power level of 3 for 1 min. This immersion and shaking treatment attempted to
simulate the mouth-rinsing process. Then the specimens were immersed into 5 mL of the
phosphate ion recharge solution for 1 min. Then, the specimens were rinsed with running
distilled water for 1 min to remove any loosely attached deposits on the specimen
surfaces; hence only the ions recharged into the interior of the resin were measured in the
subsequent re-release test. This recharge was repeated for three times on one day, at
about 9:00 am, 1:00 pm and 5:00 pm, and the specimens were kept in laboratory air for
the time in-between. Thus the specimens received three doses of recharge, simulating a
mouth-rinse in the morning, afternoon and evening. Preliminary studies indicated that
such a single day of recharge was sufficient to produce two weeks of ion release without
any additional recharge, thus enabling the patient to use the mouthwash potentially for
one day every two weeks. To measure the Ca and P ion re-release, the recharged
specimens were immersed in 50 mL of the pH 4 solution. The ion re-release was
measured at 1, 3, 5, 7, 9, 11 and 14 days (without any further recharge during those 14
days), as one cycle. Then the specimens were recharged again to start the second cycle.
To investigate whether the recharge capability of the specimens would decrease with
increasing number of cycles, this recharge and re-release was repeated for three cycles.
After three cycles of recharge and re-release, the specimens were immersed in 50
mL of fresh pH 4 solution in order to investigate how long the specimens could further
release Ca and P ions without any further recharge. The measurements of Ca and P ion
re-release from these specimens were continued for an additional 42 days. The
concentrations of Ca and P ions were measured at 1, 2, 3, 4, 5, 6, 7, 14, 21, 28, 35 and 42
days [63].
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3.2.5. Specimen fabrication for protein adsorption and biofilm testing
The Ca and P ion re-releases showed that PEHB + 20% NACP and PEHB + 20% NACP
+ 3% MPC had significantly lower ion releases than those of the 30% NACP groups.
Therefore, the 20% NACP groups were not used in the subsequent protein adsorption and
biofilm tests. The following three groups were used for the protein and biofilm tests:
[1]

SBMP commercial control;

[2]

PEHB + 30% NACP;

[3]

PEHB + 30% NACP + 3% MPC.
The cover of a sterile 96-well plate (Costar, Corning Inc., Corning, NY) was used

as molds to fabricate disk specimens following previous studies [85, 100]. Briefly, 20 µL
of each adhesive was placed in the dent and photo-polymerized for 30 s, using a mylar
strip covering to obtain a disk of approximately 8 mm in diameter and 0.5 mm in
thickness. The cured disks were immersed in 200 mL of distilled water and magneticallystirred with a bar at a speed of 100 rpm for 1 hour (h) to remove any uncured monomers,
following a previous study [103]. Before biofilm testing, disks were sterilized with
ethylene oxide (Anprolene AN74i, Andersen, Haw River, NC) and de-gassed for 3 d
[100].

3.2.6. Measurement of protein adsorption
The amount of protein adsorbed on resin disks was determined by the micro
bicinchoninic acid (BCA) method [56]. Each disk was immersed in phosphate buffered
saline (PBS) for 2 h before immersing in 4.5 g/L bovine serum albumin (BSA) (Sigma–
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Aldrich) solutions at 37°C for 2 h [56]. Disks were then rinsed with fresh PBS and the
adsorbed protein was detached in sodium dodecyl sulfate (SDS) 1 wt% in PBS by
sonication for 20 min. A protein analysis kit (micro BCA protein assay kit, Fisher
Scientific, Pittsburgh, PA) was used to determine the BSA concentration in the SDS
solution. From the concentration of protein, the amount of protein adsorbed on the resin
was calculated [56]. Six disks were evaluated for each group.

3.2.7. Saliva collection for biofilm inoculum
A dental plaque microcosm model with human saliva as inoculum was used following
previous studies [89, 90]. The saliva donation was approved by the University of
Maryland Baltimore Institutional Review Board. Saliva was collected from ten healthy
adult donors having natural dentition without the use of antibiotics within the last 3
months. The donors did not brush teeth for 24 h and abstained from food and drink intake
for 2 h prior to donating saliva. An equal volume of saliva from each of the ten donors
was combined to form the saliva sample. The saliva was diluted in sterile glycerol to a
concentration of 70%, and stored at −80°C for subsequent experiments [104].

3.2.8. Dental plaque microcosm biofilm formation and live/dead assay
The saliva-glycerol stock was added, with 1:50 final dilution, to a growth medium as
inoculum. The growth medium contained mucin (type II, porcine, gastric) at a
concentration of 2.5 g/L; bacteriological peptone, 2.0 g/L; tryptone, 2.0 g/L; yeast extract,
1.0 g/L; NaCl, 0.35 g/L, KCl, 0.2 g/L; CaCl2, 0.2 g/L; cysteine hydrochloride, 0.1 g/L;
hemin, 0.001 g/L; vitamin K1,0.0002 g/L, at pH 7 [105]. 1.5 mL of inoculum was added
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to each well of 24-well plates containing a resin disk, and incubated at 37 °C in 5% CO2
for 8 h. Then, the disks were transferred to new 24-well plates, filled with fresh medium,
and incubated. After 16 h, the disks were transferred to new 24-well plates with fresh
medium and incubated for 24 h. This totaled 2 days of culture, which formed relatively
mature biofilms on resins as shown previously [104]. Disks with 2-day biofilms were
washed with PBS and stained using the BacLight live/dead kit (Molecular Probes,
Eugene, OR) [89, 90]. Live bacteria were stained with Syto 9 to produce a green
fluorescence. Bacteria with compromised membranes were stained with propidium iodide
to produce a red fluorescence. The stained disks were examined using an inverted
epifluorescence microscope (Eclipse TE2000-S, Nikon, Melville, NY). Six specimens
were evaluated for each group. Three randomly-chosen fields of view were photographed
for each disk, yielding a total of 18 images for each group.

3.2.9. MTT assay of metabolic activity of biofilms
A MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide) assay was used to
examine the metabolic activity of biofilms [89, 90]. MTT is a colorimetric assay that
measures the enzymatic reduction of MTT, a yellow tetrazole, to formazan. Disks with 2day biofilms were transferred to a new 24-well plate, then 1 mL of MTT dye (0.5 mg/mL
MTT in PBS) was added to each well and incubated at 37 °C in 5% CO2 for 1 h. During
this process, metabolically active bacteria reduced the MTT to purple formazan. After 1
h, the disks were transferred to a new 24-well plate, 1 mL of dimethyl sulfoxide (DMSO)
was added to solubilize the formazan crystals, and the plate was incubated for 20 min at
room temperature in the dark. After mixing via pipetting, 200 mL of the DMSO solution
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from each well was transferred to a 96-well plate, and the absorbance at 540 nm was
measured via the microplate reader (Spectra-Max M5). A higher absorbance is related to
a higher formazan concentration, which indicates a higher metabolic activity in the
biofilm on the disk [89, 90].

3.2.10. Lactic acid production by biofilms
Resin disks with 2-day biofilms were rinsed with cysteine peptone water (CPW) to
remove loose bacteria [89]. The disks were transferred to 24-well plates containing
buffered peptone water (BPW) plus 0.2% sucrose. The disks were incubated in 5% CO2
at 37 °C for 3 h to allow the biofilms to produce acid [89]. The BPW solutions were then
stored for lactate analysis. Lactate concentrations in the BPW solutions were determined
using an enzymatic (lactate dehydrogenase) method, following a previous study [89]. A
microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA) was used to
measure the absorbance at 340 nm (optical density OD340) for the collected BPW
solutions. Standard curves were prepared using a lactic acid standard (Supelco,
Bellefonte, PA) as in previous studies [89].

3.2.11. Colony-forming unit (CFU) counts of biofilms
Disks with 2-day biofilms were transferred into tubes with 2 mL CPW, and the biofilms
were harvested by sonication and vortexing (Fisher, Pittsburgh, PA) [89, 90]. Three types
of agar plates were prepared. (1) Tryptic soy blood agar culture plates were used to
determine total microorganisms [105]. (2) Mitis salivarius agar (MSA) culture plates
containing 15% sucrose were used to determine total streptococci [106]. (3) MSA agar
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culture plates plus 0.2 units of bacitracin per mL was used to determine mutans
streptococci [105]. The bacterial suspensions were serially diluted, spread onto agar
plates and incubated at 37 °C in 5% CO2 for 48 h. The number of colonies, along with the
dilution factor, was used to calculate the CFU [89, 90].

3.2.12. Statistical analysis
Two-way analyses of variance (ANOVA) was used for analysis. Post hoc multiple
comparisons were performed using the Tukey’s honestly significant difference test.
Statistical significance was set at p˂0.05, using the SPSS 22.0 software package (SPSS,
Chicago, IL, USA).

3.3. Results
The dentin shear bond strength results are plotted in Figure 3.1 (mean ± sd; n = 10). The
adhesive with MPC had dentin bond strength matching SBMP control (p > 0.1). The
NACP filler level of 0-30% had no significant effect on dentin bond strength (p > 0.1).
The initial Ca and P ion released from adhesive resin specimens are plotted in
Figure 3.2 (mean ± sd; n = 6). The ion concentrations significantly increased with time
from 1 to 70 d, indicating continued ion release (p < 0.05). Increasing the NACP filler
level from 20% to 30% significantly increased Ca and P ion release (p < 0.05). At 20%
NACP, the MPC-containing adhesive had significantly higher Ca and P ion release than
the adhesive without MPC (p < 0.05). At 30% NACP, MPC did not have a significant
effect (p > 0.05).
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Figure 3.1. Dentin shear bond strengths (mean ± sd; n = 10). The addition of 20-30% NACP and
3% MPC did not adversely affect the bond strength, which was similar to the experimental
bonding agent control and the commercial control (p > 0.05) [138].
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Figure 3.2. Initial calcium (A) and phosphate (B) ion release (mean ± sd; n = 6) from the
adhesive specimens. All tested adhesives had consistently high Ca and P ion releases over 70
days [138].
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The ion-exhausted resin specimens were recharged and the re-release was
measured for 14 d, as one cycle. The results of three recharge and re-release cycles are
plotted in Figure 3.3 (mean ± sd, n = 4). All adhesives had continuous ion release after
recharge, and there was no decrease in ion release from the first recharge and re-release
cycle to the third cycle. For each cycle, the ion release reached a similarly high level,
demonstrating a long-term recharge and re-release capability. Increasing NACP from
20% to 30% increased Ca and P ion released through all three recharge cycles (p < 0.05).
At the same NACP filler level, the protein-repellent adhesives had higher Ca ion rerelease when compared to adhesives with no MPC (p < 0.05). However, the P ion rereleases were not significantly different (p > 0.05).
After the third recharge and re-release cycle, the continuous Ca and P ion rerelease of the specimens without further recharge was measured for 42 d (Figure 3.4)
(mean ± sd, n = 4). The 30% NACP adhesives had higher Ca and P ion re-releases (p <
0.05). Adding MPC increased the Ca ion re-release (p < 0.05), while P ions were similar
(p > 0.05). The released ion concentrations significantly increased from 1 d to about 14 d
and then gradually reached a plateau. These results demonstrate that after the third
recharge, the specimens could continue to release Ca and P ions for 14 d in Figure 3.3,
and then continue to release ions for about 7 d in Figure 3.4. Hence, they had significant
ion release lasting for about 21 d after one recharge.
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Figure 3.3. Ca and P ion re-release from adhesive resin specimens that had been ion-exhausted
and then recharged (mean ± sd; n = 4). All adhesives showed continuous ion re-release after each
recharge. There was no decrease in the ion re-release level when increasing the number of
recharge and re-release cycles from 1 to 3 (p > 0.1) [138].
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were tested for continuous Ca and P ion release for 42 d (mean ± sd; n = 4) [138].
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The amounts of protein adsorption on resin disks are plotted in Figure 3.5 (mean
± sd, n = 6). These results showed that adding 3% MPC greatly reduced protein
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Figure 3.5. The amount of bovine serum albumin (BSA) protein adsorption onto resin surfaces
(mean ± sd; n = 4). Incorporation of 3% MPC into adhesive significantly decreased the amount of
protein adsorption on resin surfaces (p < 0.05) [138].

Representative live/dead images of 2-day biofilms are shown in Figure 3.6. In (A)
and (B), PEHB+30NACP control and SBMP control were nearly fully covered by live
bacteria. In contrast, image (C) showed much less biofilm coverage on the disks.
MTT metabolic activity of 2-day biofilms on resins is plotted in Figure 3.7 (A)
(mean ± sd; n = 6). Adding MPC to the adhesive significantly reduced the metabolic
5
activity of biofilms (p < 0.05). Lactic acid produced by biofilms is plotted in Fig.
Figure
3.7

(B) (mean ± sd; n = 6). The MPC-containing adhesive had lactic acid that was nearly
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Figure 3.7. Biofilm viability on resins presented by (A) metabolic activity, and (B) lactic acid
production (mean ± sd; n = 6). The addition of MPC resulted in about 50% decrease in the lactic
acid and metabolic activity, when compared to biofilms 10
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CFU counts on the adhesive containing MPC were significantly lower than those on the controls
(p < 0.05). Note the log scale in the y axis [138].

3.4. Discussion
This study developed a novel CaP-rechargeable and protein-repellent adhesive, achieving
less protein attachment, lower biofilm CFU and activity, and high levels of Ca and P ion
rechargeability and re-release for the first time. The hypotheses were proven that
incorporating NACP and MPC into the adhesive did not adversely affect the dentin bond
strength, compared to that without NACP and MPC; the adhesive containing NACP and
MPC possessed strong protein-repellent functions; and successful Ca and P ion recharge
and re-release were achieved that showed no decrease from recharge cycle 1 to 3.
All NACP-incorporated adhesives showed high levels of Ca and P ion releases at
relatively low NACP filler levels of 20-30%, which were substantially higher than the
reported releases from resins containing micro-sized CaP fillers with particle sizes of
about 17 µm and a range of 1-55 µm [108, 139]. The NACP used in the present study has
a much smaller particle size of 116 nm. NACP particles had a higher surface area of
17.76 m2/g, compared to about 0.5 m2/g of traditional CaP particles in previous studies
[108, 139]. A spray-drying technique was used to make NACP at a Ca/P molar ratio of
1.5, the same as that for ACP [63, 140]. Incorporating 30% NACP into adhesives had the
highest initial Ca and P ion release, and the greatest recharge and re-release capability,
when compared to adhesives with 20% NACP. This is in agreement with a previous
study [68] which measured Ca and P ion release from adhesives with different mass
percentages of NACP. Regarding the Ca and P ion recharge mechanism, it is likely that
after the initial Ca and P ion release, the sites in the resin that were previously occupied
by the Ca and P ions are available for the incoming Ca and P ions from the recharge
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solution. Therefore, the material with higher initial Ca and P ion release should also have
a higher Ca and P ion recharge and re-release. This space-occupying effect may explain
why the exhausted resin with 30% NACP showed higher ion recharge and re-release than
that with 20% NACP. During the recharge, the carboxylate groups of PMGDM in the
adhesive may chelate with Ca ions in the recharge solution at pH 7. After the recharge,
when exposed to an acidic challenge, the bond between PMGDM and Ca might break
down, thus inducing the re-release of the ions.
After the third cycle with 14 days of release, the NACP adhesives continued to
release Ca and P ions for 7 days without further recharge. Thus, they had significant ion
release lasting for about 21 d after one recharge. This is consistent with a previous study
[68] in which the re-release was observed for 7 d as one cycle. Then, after three cycles,
the resin continued to release ions for 14 d without further recharge, for a total of 21 d of
continuous release [68]. Therefore, it may be possible to use the Ca and P ion recharge
solution clinically as a mouth-rinse for one day to have lasting ion release for 2-3 weeks
before another recharge would be needed, which would be user friendly. If the patient
opts to use the Ca and P recharge solution mouth-rinse daily, the release would likely be
enhanced to provide superior remineralization and biofilm acid-neutralizing capabilities
to inhibit caries.
The adhesive containing NACP and MPC had more Ca and P ion release than that
without MPC. This was likely due to the higher hydrophilicity of the MPC-containing
adhesive resulting in more water-intake into the resin which would facilitate the ion
release and recharge. Regarding how much ion release would be necessary for effective
remineralization, previous resin-based CaP cements, which achieved successful
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remineralization in tooth structures, had Ca ion release of approximately 0.3 mmol/L and
P ion release of 0.05 mmol/L [96]. In the present study, the NACP rechargeable adhesive
and the NACP + MPC rechargeable adhesive had much greater Ca and P ion releases
than those in the aforementioned study. The Ca ion concentration achieved in the present
study for 70 days of initial release was nearly 12-folds higher than the 90 days of release
in the previous study [52]. The P ion initial release in the present study was nearly 40folds greater than that of the previous study [52]. Even after ion exhaustion and recharge,
the present study achieved Ca and P ion concentrations that were more than 3-folds the
maximum concentration of 90 days of release in the previous study. Furthermore, the
previous study only measured ion release for 90 days without recharge capability; there
was no report of long-term Ca and P ion recharge and repeated re-releases. Therefore, the
NACP + MPC adhesive achieved much greater and longer lasting releases of Ca and P
ions and, therefore, is expected to successfully remineralize tooth lesions, which warrants
further investigation.
At the resin-dentin bonding interface, demineralized collagen matrix is used as the
scaffold for resin infiltration to produce a hybrid layer that bonds the adhesive to the
underlying mineralized dentin [141]. Denuded collagen matrices contain water, which
serves as a functional medium for the hydrolysis of resin matrices and collagen [32, 141].
Hydrolytic degradation compromises the long-term integrity of the adhesive interface and
the durability of the bond strength [128]. Micro-gaps formation can also lead to bacterial
invasion and eventually secondary caries [142]. An adhesive with remineralizing
capability could help restore minerals into the dentin hybrid layer and increase the
mineral content, thus the water content of the collagen matrix would decrease
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correspondingly to maintain a constant volume (i.e. progressive dehydration) [141].
Therefore, the NACP + MPC adhesive with high levels of Ca and P ion releases could
bring significant benefits by remineralizing the hybrid layer, helping inhibit water-related
degradation, improving the mechanical properties and neutralizing biofilm acid, thus
minimizing secondary caries.
Indeed, biofilm acids were significantly reduced by the NACP + MPC adhesive. Proteins
adsorbed onto the resin surface in the oral environment provide a prerequisite medium for
the early attachment of bacteria and microorganisms [143]. Since bacterial attachment is
an essential first step in infection and biofilm formation, the inhibition of microbial
adherence is an effective strategy for preventing infectious diseases and biofilm
formation. This could reduce bacterial adhesion and help combat the source of infection.
MPC is a biocompatible and hydrophilic biomedical polymer that has been used on
medical devices such as intravascular stents and soft contact lenses [57]. More recently,
MPC was incorporated, for the first time, into several dental materials including dental
composite, adhesives, dentures and endodontic sealers [56-59]. Regarding the proteinrepelling mechanism, MPC polymers are highly hydrophilic and when hydrated, there is
an abundance of free water but no bound water [137]. The bound water would result in
protein adsorption, while the free water around phosphorylcholine groups could detach
proteins, thereby repelling protein adsorption [144]. Despite the fact that MPC is not
bactericidal, studies reported that MPC-coated surfaces had reduced attachment and
retention of most common oral mircoorganisms including early colonizers (e.g.
Streptococcus mutans, Staphylococcus aureus), Candida albicans and several periodontal
bacteria [56-59]. In the present study, a dental plaque microcosm model was tested.
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Dental plaque is a complicated ecosystem with about 1,000 bacterial species, hence this
model could maintain much of the complexity and heterogeneity in vivo [105]. The MPC
adhesive had substantially less proteins, biofilm CFU and metabolic activity, than the
commercial and experimental controls. This indicates that the protein-repellent function
of the new CaP-rechargeable adhesive could substantially reduce biofilm growth and
secondary caries. Furthermore, the rechargeable NACP + MPC method is applicable to a
wide range of dental materials including composites, cements and sealants to have longterm CaP-rechargeable remineralization and protein-repellent capability and to suppress
biofilms and caries. Further studies are needed to investigate the rechargeable NACP +
MPC efficacy under in vivo conditions.
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CHAPTER FOUR
TRIPLE BENEFITS OF PROTEIN-REPELLENT CAPABILITY, ANTIBACTERIAL
FUNCTION AND CALCIUM PHOSPHATE ION-RECHARGE
IN NEW THERAPEUTIC AND ANTI-CARIES ADHESIVE

Chapter Abstract
Objectives: A calcium (Ca) and phosphate (P) ion rechargeable adhesive was
recently developed. The objectives of this study were to develop an antibacterial, protein
repellent and CaP rechargeable adhesive, and investigate the effects of bioactive agents
dimethylaminododecyl methacrylate (DMAHDM), 2-methacryloyloxyethyl phosphorylcholine (MPC) and nanoparticles of amorphous calcium phosphate (NACP) on dentin
bonding, biofilm response, and repeated Ca and P ion recharge and re-release capability
for the first time.
Methods: Pyromellitic glycerol dimethacrylate (PMGDM), ethoxylated bisphenol
A dimethacrylate (EBPADMA), 2-hydroxyethyl methacrylate (HEMA) and bisphenol A
glycidyl dimethacrylate (BisGMA) formed the adhesive (PEHB). Four groups were
tested: (1) Scotchbond Multi-Purpose (SBMP, 3M); (2) PEHB + 20% NACP; (3) PEHB
+ 30% NACP; (4) PEHB + 20% NACP + 5% DMAHDM + 3% MPC; and (5) PEHB +
30% NACP + 5% DMAHDM + 3% MPC. Specimens were tested for dentin shear bond
strength, and Ca and P ion release, recharge and re-release, and protein adsorption on
resin disks. A human saliva microcosm biofilm model was used to analyze metabolic
activity and colony forming units (CFU).
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Results: The four groups had similar dentin shear bond strengths (p > 0.1).
Adhesive with DMAHDM showed 3-fold decrease in metabolic activity, 10-fold
decrease in lactic acid, and 3-log decrease in biofilm CFU, compared to commercial
adhesive (p < 0.05). The adhesives containing NACP released high levels of Ca and P
ions. After the ion release was exhausted and the adhesives were recharged, they again
had substantial ion release for 14 days after one recharge. There was no decrease in ion
re-release with increasing the number of recharge and re-release cycles (p > 0.1),
indicating a long-term remineralization capability.
Conclusions: This study developed the first Ca and P ion-rechargeable
and antibacterial adhesive, achieving strong antibacterial activity and Ca and P ion
recharge and re-release for long-term remineralization. It decreased biofilm acid by 10
folds and biofilm CFU by 3 logs. This novel adhesive is promising for tooth restorations
to inhibit caries.

4.1. Introduction
Dental caries remains the most common and widespread biofilm-dependent oral disease,
resulting in the destruction of tooth structure by acidic attack from cariogenic bacteria
such as Streptococcus mutans [145]. Secondary caries at the margins of existing
restorations leads to the replacement of the restoration, which accounts for nearly 60% of
all restorative procedures [43]. Oral biofilms on teeth can decrease the local pH to nearly
4 due to bacterial acids, leading to the initiation of caries [122]. This process often occurs
at the margins that are secluded and in shortage of oxygen and mechanical disturbance,
such as the gingival margins of Class II restorations [146]. The presence of micro-gaps
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further complicates biofilm removal, leading to bacterial invasion, demineralization, and
secondary caries [85, 86].
Resin composite is the material of choice for direct anterior restorations as it
mimics natural tooth appearance, and is increasingly used in posterior restorations [70,
124]. Composite failure due to secondary caries has been attributed to factors including
increases in surface roughness, decreases in hardness, and polymerization shrinkage
leading to micro-gaps and micro-leakage [125, 147, 148]. Recent advances have
produced dental composites with improved properties and lower shrinkage [126, 127,
149]. Composite restorations are bonded to tooth structure via adhesive systems, and a
strong and durable adhesion is a principal factor in the success of the restoration [128,
129, 146]. Bonded composites allow practitioners to avoid removing healthy tooth
structure to achieve retention and resistance form [130]. The traditional approach of
caries removal had carious dentin left in 72% of the cavities [131]. The minimally
invasive approach saves more affected tissues but would leave behind even more residual
bacteria in the cavities [132]. Therefore, the development of antibacterial adhesives is
needed to kill bacteria and improve the survival of the restored tooth [87].
Antibacterial dental polymers have three merits: First, the oral cavity contains one
of the most ecologically diverse microbial populations among which are the acidproducing cariogenic bacteria; second, polymers without antibacterial activity offer a
hospitable environment for microorganisms by providing carbon and oxygen; finally,
microorganisms are easily adsorbed on the surfaces of polymers, leading to oral diseases
such as secondary caries, periodontal inflammation and oral mucosal lesions [88]. To
address these issues, quaternary ammonium monomers (QAMs) such as 12-
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methacryloyloxydodecylpyridinium bromide (MDPB) and quaternary ammonium
dimethacrylate (QADM) have been incorporated into dental polymers to reduce biofilm
growth and viability [85, 89, 90]. Dental composites with quaternary ammonium
polyethylenimine (PEI) nanoparticles exhibited an immediate antibacterial effect against
S. mutans which was sustained for up to one month [150]. The incorporation of
quaternary ammonium fluoride salts into methacrylate and methacrylamide monomers
have reported to reduce S. mutans biofilm without major adverse effects on monomers’
physical and mechanical properties [62]. The QAM double bond can react with resin
monomers to build a cross-linked network thus maintaining the resin’s mechanical
properties and increasing its antibacterial durability [88]. The antibacterial efficacy of
QAMs increased with increasing the amine chain length from 12 (dimethylaminododecyl
methacrylate, or DMADDM) to 16 (dimethylaminohexadecyl methacrylate, or
DMAHDM) [52]. Incorporating DMAHDM into adhesives resulted in substantial
reduction in biofilm activity as well as colony-forming unit (CFU) counts [91-94], while
the bond strength and cytotoxicity were similar to those of commercial control adhesives
[93-95].
Another anti-caries approach is to develop protein-repellent dental materials. The
first step of biofilm formation on a clean tooth surface is the adsorption of proteins to
form salivary pellicles [21], which is a prerequisite for bacterial colonization [24].
Therefore, it is expected that secondary caries could be minimized by repelling proteins
and the subsequent bacterial adhesion on restorative margins. 2-methacryloyloxyethyl
phosphorylcholine (MPC) has been found to reduce protein adsorption and bacterial
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adhesion [53, 55]. When incorporated into an adhesive, MPC greatly reduced protein
adsorption, bacterial adhesion and biofilm growth [56].
Another promising method to combat caries employs calcium (Ca) and phosphate
(P) ions. Nanoparticles of amorphous calcium phosphate (NACP) with an average size of
120 nm were advantageous over traditional micro-sized CaP particles in serving as fillers
for dental resins, by increasing the level of ion release and the mechanical properties [63,
64, 66]. The incorporation of NACP in adhesives provided a continuous release of Ca
and P ions [29], resulting in the precipitation and deposition of minerals into tooth
structures [30]. Studies showed that NACP exerted substantial remineralization and
neutralization of bacterial acids, increasing local pH from a cariogenic pH 4 to a safe pH
6 [31, 32]. More recently, a novel Ca and P ion-rechargeable resin was developed to
produce long-term ion release [67, 68].
However, the previous Ca and P ion-rechargeable adhesive had no antibacterial
and protein-repellent activity [67]. A recent study added DMAHDM and MPC into an
adhesive which was shown to greatly reduce biofilm growth [98]. However, that study
did not investigate the influence of adding DMAHDM and MPC on the ion recharge and
re-release, and there was no demonstration whether the protein-repellent adhesive was Ca
and P rechargeable or not [98]. Literature search revealed no report on the effects of
DMAHDM and MPC incorporation in adhesive resin on Ca and P ion-recharge and
repeated re-release.
The objectives of this study were to: (1) develop a novel adhesive resin with triple
benefits of Ca and P ion-recharge, antibacterial and protein-repellent capabilities, and (2)
investigate the addition of DMAHDM and MPC on Ca and P recharge and re-release
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efficacy for the first time. The following hypotheses were tested: (1) Adding NACP,
DMAHDM and MPC into the adhesive would not compromise the dentin bond strength;
(2) the Ca and P ion-rechargeable adhesive with NACP, DMAHDM and MPC would
have strong antibacterial and protein-repellent properties; and (3) the protein-repellent
and antibacterial adhesive could be recharged to repeatedly re-release ions, and its Ca and
P ion re-release would not decrease with increasing the number of recharge and re-release
treatment cycles.

4.2. Materials and methods
4.2.1. Development of adhesive with triple benefits of protein repellent, antibacterial
and ion recharge properties
To fabricate the primer, pyromellitic glycerol dimethacrylate (PMGDM) and 2hydroxyethyl methacrylate (HEMA) (Esstech, Essington, PA) were mixed at a mass ratio
3.3/1, with 50% acetone solvent (all mass fractions) [99]. The adhesive consisted of
44.5% PMGDM, 39.5% ethoxylated bisphenol A dimethacrylate (EBPADMA) (SigmaAldrich, St, Louis, MO), 10% HEMA, and 5% bisphenol A glycidyl dimethacrylate
(BisGMA) [68]. Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (Esstech) was
added as a photo-initiator at 1% mass fraction [68]. This bonding agent is termed PEHB.
NACP [Ca3(PO4)2] was synthesized via a spray-drying technique [63, 64].
Briefly, calcium carbonate and dicalcium phosphate anhydrous were dissolved into an
acetic acid solution. The concentrations of Ca and P ion concentrations were 8 mmol/L
and 5.333 mmol/L, respectively. The solution was sprayed into a heated chamber to
evaporate the water and volatile acid. The dried NACP powder was collected by an
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electrostatic precipitator, which yielded NACP with mean particle size of approximately
116 nm [63, 64]. NACP fillers were mixed into the adhesive at a mass fraction of 30%,
which was shown to produce high levels of Ca and P ion release with no adverse effect
on the dentin bond strength [68].
DMAHDM was synthesized using a modified Menschutkin reaction following
previous studies [100-102]. Briefly, 10 mmol of 2-(dimethylamino)ethyl methacrylate
(DMAEMA, Sigma-Aldrich) and 10 mmol of 1-bromohexadecane (BHD, TCI America,
Port-land, OR) were combined with 3 g of ethanol in a 20 mL scintillation vial. The vial
was stirred at 70 °C for 24 hours (h). The solvent was then removed via evaporation,
yielding DMAHDM as a clear, colorless, and viscous liquid [100]. DMAHDM was
mixed into PEHB at 5% mass fraction, as this was shown to produce a strong
antibacterial activity without compromising the mechanical properties of the resin [93].
MPC was synthesized via a method reported by Ishihara et al. [137] and is
commercially available (Sigma-Aldrich). The MPC powder was mixed with PEHB at
mass fraction of 3%. Preliminary study showed that the 3% MPC yielded a strong
protein-repellent property without compromising the dentin shear bond strength.
Scotchbond Multi-Purpose bonding system (SBMP, 3M, St. Paul, MN) served as
the commercial control. According to the manufacturer, SBMP primer contained 35-45%
HEMA, 10-20% copolymer of acrylic and itaconic acids, and 40-50% water. SBMP
adhesive contained 60-70% BisGMA and 30-40% HEMA.
agents were tested:
[1]

SBMP commercial control (referred to as SBMP control);

[2]

PEHB adhesive (with no bioactive agents)
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The following bonding

[3]

PEHB + 20% NACP (referred to as PEHB+20NACP);

[4]

PEHB + 30% NACP (referred to as PEHB+30NACP);

[5]

PEHB

+

20%

NACP

+

5%

DMAHDM

(referred

to

as

+

5%

DMAHDM

(referred

to

as

PEHB+20NACP+DMAHDM);
[6]

PEHB

+

30%

NACP

PEHB+30NACP+DMAHDM);
[7]

PEHB + 20% NACP + 3% MPC (referred to as PEHB+20NACP+MPC);

[8]

PEHB + 30% NACP + 3% MPC (referred to as PEHB+30NACP+MPC);

[9]

PEHB + 20% NACP + 5% DMAHDM + 3% MPC (referred to as
PEHB+20NACP+DMAHDM+MPC);

[10]

PEHB + 30% NACP + 5% DMAHDM + 3% MPC (referred to as
PEHB+30NACP+DMAHDM+MPC).

4.2.2. Dentin shear bond strength testing
Extracted human third molars were stored in 0.01% thymol solution at 4 °C. The use of
teeth was approved by the University of Maryland Baltimore Institutional Review Board.
Teeth were sectioned perpendicular to their long axis utilizing a diamond saw under
water coolant (Isomet, Buehler, Lake Bluff, IL) to expose the mid-coronal dentin, which
was then polished with 600-grit SiC paper.

Dentin surface was etched with 37%

phosphoric acid for 15 seconds (s), then rinsed with water for 15 s. A primer was applied
with a brush-tip applicator, followed by a gentle air blow for 5 s. An adhesive was then
applied and light-cured for 20 s with Optilux curing unit (VCL 401, Demeron Kerr,
Danbury, CT). A stainless-steel cylindrical mold (inner diameter = 4 mm, thickness = 1.5
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mm) was placed on the adhesive-treated dentin surface [99]. A composite (TPH,
Dentsply/Sirona, Milford, DE) was placed and light-cured for 60 s. The bonded
specimens were stored in distilled water at 37 °C for 24 h. A chisel on a Universal
Testing Machine (MTS, Eden Prairie, MN) was aligned to be parallel to the compositedentin interface. Load was applied at a cross-head speed of 0.5 mm/min until bond failure
[99]. Dentin shear bond strength = 4P/(πd2), where P is the load at failure, and d is the
diameter of the composite [99]. Ten teeth were tested for each group.

4.2.3. Ca and P ion release measurement
A sodium chloride (NaCl) solution (133 mmol/L) was buffered to pH 4 with 50 mmol/L
lactic acid, simulating a cariogenic low pH condition [63, 107]. For each NACP-adhesive
group, three specimens of approximately 2 x 2 x 12 mm were immersed in 50 mL of
solution to yield a specimen volume/solution of 2.9 mm3/mL. This was similar to a
specimen volume per solution of about 3.0 mm3/mL in a previous study [108]. Eight
specimens were used for each group (n = 8). 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 and 70 d.
The pH of the solutions was monitored and adjusted to pH 4 with 50 mmol/L lactic acid
using a combination pH electrode (Accumet XL25, Fisher Scientific, Pittsburgh, PA). Ca
and P concentrations were analyzed via a spectrophotometric method (DMS-80 UVvisible, Varian, Palo Alto, CA) using known standards and calibration curves [68]. This
ion release from the specimens was termed “initial release” to differentiate from the
subsequent ion recharge and re-release.
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4.2.4. Recharge of NACP adhesive and re-release of Ca and P ions
After 70 days (d) of initial ion release, the specimens were collected and stored in 50 mL
of fresh NaCl solution at pH 4 for 7 d to verify that their ion release was exhausted, with
no more ion release [68]. Then, the specimens were removed from the immersion
solution and ultrasonicated in distilled water for 30 min. These exhausted specimens were
then used for ion recharge. The calcium ion recharge solution consisted of 100 mmol/L of
CaCl2 and 50 mmol/L of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer [68]. The phosphate ion recharge solution consisted of 60 mmol/L of KHPO4 and
50 mmol/L of HEPES. The solutions were adjusted to pH 7 using 1 mol/L of KOH [68].
Three exhausted specimens of 2 x 2 x 12 mm were immersed into 5 mL of the Ca
recharge solution and gently shaken on a vortex (Analog Vortex Mixer, Fisher, Waltham,
MA) at a power level of 3 for 1 min. This immersion and shaking treatment attempted to
simulate the mouth-rinsing process. Then the specimens were immersed into 5 mL of the
phosphate solution for 1 min. Then, the specimens were rinsed with running distilled
water for 1 min to remove any loosely attached deposits on the specimen surfaces; hence
only the ions recharged into the interior of the resin were measured in the subsequent rerelease test. This recharge was repeated for three times on one day, at about 9:00 am,
1:00 pm and 5:00 pm, and the specimens were kept in laboratory air for the time inbetween. Thus the specimens received three doses of recharge, simulating a mouth-rinse
in the morning, afternoon and evening. To measure the Ca and P ion re-release, the
recharged specimens were immersed in 50 mL of the pH 4 solution. The ion re-release
was measured at 1, 3, 5, 7, 9, 11 and 14 d (without any further recharge), as one cycle.
Then the specimens were recharged again to start cycle 2. To investigate whether the
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recharge capability would decrease with increasing the number of cycles, this recharge
and re-release was repeated for three cycles. After cycle 3, the specimens (without any
further recharge) were measured for Ca and P ion re-release for an additional 28 d, to
determine how long the specimens could further release Ca and P ions without further
recharge [63].

4.2.5. Specimen fabrication for protein adsorption and biofilm testing
The Ca and P ion release and re-release results showed that PEHB + 20% NACP and
PEHB + 20% NACP + DMAHDM + MPC had lower ion release than 30% NACP.
Therefore, 20% NACP was not used in the subsequent protein adsorption and biofilm
experiments. Three groups were used for the protein and biofilm tests: SBMP control;
PEHB+30NACP; PEHB+30NACP+DMAHDM+MPC.
The cover of a sterile 96-well plate (Costar, Corning, Corning, NY) was used as
molds to fabricate disk specimens following previous studies [85, 100]. Briefly, 20 µL of
each adhesive was placed in the dent and photo-polymerized for 30 s, using a mylar strip
covering to obtain a disk of approximately 8 mm in diameter and 0.5 mm in thickness.
The cured disks were immersed in 200 mL of distilled water and magnetically-stirred for
1 h to remove any uncured monomers, following a previous study [103]. The disks were
sterilized with ethylene oxide (Anprolene AN74i, Andersen, Haw River, NC) and degassed for 3 d [100].

4.2.6. Measurement of protein adsorption
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The amount of protein adsorbed on resin disks was determined by the micro
bicinchoninic acid (BCA) method [56]. Each disk was immersed in phosphate buffered
saline (PBS) for 2 h before immersing in 4.5 g/L bovine serum albumin (BSA) (SigmaAldrich) solution at 37°C for 2 h [56]. Disks were then rinsed with fresh PBS and the
adsorbed protein was detached in sodium dodecyl sulfate (SDS) at 1 wt% in PBS by
sonication for 20 min. A micro BCA protein assay kit (Fisher Scientific, Pittsburgh, PA)
was used to determine the BSA concentration. From the concentration of protein, the
amount of protein adsorbed on the resin surface was calculated [56]. Six disks were
evaluated for each group.

4.2.7. Human saliva collection for biofilm inoculum
A dental plaque microcosm biofilm model with human saliva as inoculum was used
following previous studies [89, 90]. The protocol was approved by the University of
Maryland Baltimore Institutional Review Board. Saliva was collected from ten healthy
adult donors having natural dentition without the use of antibiotics within the last 3
months. The donors did not brush teeth for 24 h and abstained from food and drink intake
for 2 h prior to donating saliva. An equal volume of saliva from each of the ten donors
was combined to form the saliva sample. The saliva was diluted in sterile glycerol to a
concentration of 70%, and stored at −80°C for subsequent experiments [104].

4.2.8. Dental plaque microcosm biofilm formation and live/dead assay
The saliva-glycerol stock was added, with 1:50 final dilution, to a growth medium as
inoculum. The growth medium contained mucin (type II, porcine, gastric) at a
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concentration of 2.5 g/L; bacteriological peptone, 2.0 g/L; tryptone, 2.0 g/L; yeast extract,
1.0 g/L; NaCl, 0.35 g/L, KCl, 0.2 g/L; CaCl2, 0.2 g/L; cysteine hydrochloride, 0.1 g/L;
hemin, 0.001 g/L; vitamin K1,0.0002 g/L, at pH 7 [105]. 1.5 mL of inoculum was added
to each well of 24-well plates containing a resin disk, and incubated at 37 °C in 5% CO2
for 8 h. Then, the disks were transferred to new 24-well plates, filled with fresh medium,
and incubated. After 16 h, the disks were transferred to new 24-well plates with fresh
medium and incubated for 24 h. This totaled 2 days of culture, which formed relatively
mature biofilms on resins as shown previously [104]. Disks with 2-day biofilms were
washed with PBS and stained using the BacLight live/dead kit (Molecular Probes,
Eugene, OR) [89, 90]. Live bacteria were stained with Syto 9 to produce a green
fluorescence. Bacteria with compromised membranes were stained with propidium iodide
to produce a red fluorescence. The stained disks were examined using an inverted
epifluorescence microscope (Eclipse TE2000-S, Nikon, Melville, NY). Six specimens
were evaluated for each group. Three randomly-chosen fields of view were photographed
for each disk, yielding a total of 18 images for each group.

4.2.9. MTT assay of metabolic activity of biofilms
A MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide) assay was used to
examine the metabolic activity of biofilms [89, 90]. MTT is a colorimetric assay that
measures the enzymatic reduction of MTT, a yellow tetrazole, to formazan. Disks with 2day biofilms were transferred to a new 24-well plate, then 1 mL of MTT dye (0.5 mg/mL
MTT in PBS) was added to each well and incubated at 37 °C in 5% CO2 for 1 h. During
this process, metabolically active bacteria reduced the MTT to purple formazan. After 1
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h, the disks were transferred to a new 24-well plate, 1 mL of dimethyl sulfoxide (DMSO)
was added to solubilize the formazan crystals, and the plate was incubated for 20 min at
room temperature in the dark. After mixing via pipetting, 200 mL of the DMSO solution
from each well was transferred to a 96-well plate, and the absorbance at 540 nm was
measured via the microplate reader (Spectra-Max M5). A higher absorbance is related to
a higher formazan concentration, which indicates a higher metabolic activity in the
biofilm on the disk [89, 90].

4.2.10. Colony-forming unit (CFU) counts of biofilms
Disks with 2-day biofilms were transferred into tubes with 2 mL CPW, and the biofilms
were harvested by sonication and vortexing (Fisher, Pittsburgh, PA) [89, 90]. Three types
of agar plates were prepared. (1) Tryptic soy blood agar culture plates were used to
determine total microorganisms [105]. (2) Mitis salivarius agar (MSA) culture plates
containing 15% sucrose were used to determine total streptococci [106]. (3) MSA agar
culture plates plus 0.2 units of bacitracin per mL was used to determine mutans
streptococci [105]. The bacterial suspensions were serially diluted, spread onto agar
plates and incubated at 37 °C in 5% CO2 for 48 h. The number of colonies, along with the
dilution factor, was used to calculate the CFU [89, 90].

4.2.11. Statistical analysis
One-way and two-way analyses of variance (ANOVA) were per-formed to detect the
significant effects of the variables. Tukey’s multiple comparison test was used to
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compare the data at a p value of 0.05. Significance was set at p ˂ 0.05, using the SPSS
22.0 software package (SPSS, Chicago, IL, USA).

3. Results
The dentin shear bond strength results are plotted in Figure 4.1 (mean ± sd; n = 10).
Incorporating the bioactive agents DMAHDM and MPC into PEHB adhesive did not
influence dentin bond strength, and values were similar to SBMP control (p > 0.1).
The initial Ca and P ion released from adhesive specimens are plotted in Figure
4.2 (mean ± sd; n = 6). For all adhesive with NACP, the ion concentrations significantly
increased with time from 1 to 70 d, indicating continued ion release (p < 0.05). Increasing
the NACP filler level from 20% to 30% significantly increased Ca and P ion release (p <
0.05). Highest Ca ion concentration was released from PEHB+30NACP, while the lowest
concentration

was

from

PEHB+20NACP+DMAHDM+MPC

adhesive.

P

ion

concentration was similar between groups with the same NACP filler level (p > 0.05).
After ion recharge, re-release was measured for 14 d, as one cycle. The results of
three recharge/re-release cycles are plotted in Figure 4.3 (mean ± sd, n = 4).

All

adhesives had continuous ion release after recharge, and there was no decrease in ion
release from the first recharge/re-release cycle to the third cycle. For each cycle, the ion
release reached a similarly high level, demonstrating a long-term recharge/re-release
capability. Increasing NACP filler level from 20% to 30% NACP increased Ca and P ion
released through all three recharge cycles (p < 0.05). Highest Ca ion was released from
the PEHB+30% NACP adhesive, while the highest P ion concentration was released from
the adhesive with DMAHDM, MPC and 30% NACP.
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Figure 4.1. Dentin shear bond strengths (mean ± sd; n = 10). The addition of 20-30% NACP with
5% DMAHDM and/or 3% MPC did not adversely affect the bond strength, which was similar to
the experimental bonding agent control and the commercial control (p > 0.05) [151].
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Figure 4.2. Initial calcium and phosphate ion release (mean ± sd; n = 6) from the
adhesive specimens. All tested adhesives had high Ca and P ion releases over 70 days
[151].
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Figure 4.3. Ca and P ion re-release from adhesive resin specimens after ion recharge (mean ± sd;
n = 4). All adhesives showed continuous ion re-release after each recharge. There was no
decrease in the ion re-release when increasing the number of recharge and re-release cycles from
1 to 3 (p > 0.1) [151].
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After the third recharge/re-release cycle, the continuous Ca and P ion re-release of
the specimens without further recharge was measured for 42 d (Figure 4.4) (mean ± sd, n
= 4). Adhesives with 30% NACP had higher Ca and P ion re-release compared to 20%NACP adhesives (p < 0.05). For all adhesives, the released ion concentrations
significantly increased from 1 d to about 21 d and then gradually reached a plateau,
except the P ions released from 30% NACP adhesives, which continued to 28 d before
reaching a plateau. These results demonstrate that after the third recharge, the specimens
released Ca and P ions for 14 d in Figure 4.3, and then continued to release ions for about
1-2 weeks in Figure 4.4. Hence, they had significant ion release lasting for about 2-4
weeks after the recharge.
The amounts of protein adsorption on resin disks are plotted in Figure 4.5 (A)
(mean ± sd, n = 6). These results showed that adding 5% DMAHDM and 3% MPC
greatly reduced protein adsorption, which was nearly 10-fold less than that of SBMP, and
PEHB-NACP controls. Representative live/dead staining images of 2-day biofilms on
resin disks are demonstrated in Figure 4.5 (B-D). In (B) and (C), PEHB-NACP control
and SBMP control adhesives were nearly fully covered by live bacteria. In contrast,
image (D) showed much less bacterial adhesion and biofilm coverage, which was
predominantly composed of dead bacteria.
MTT metabolic activity of 2-day biofilms on resins is plotted in Figure 4.6 (mean
± sd; n = 6). PEHB-NACP and SBMP controls had similar MTT activity (p > 0.1).
Adding DMAHD and MPC to the adhesive significantly reduced the metabolic activity of
biofilms by nearly 10 orders of magnitude when compared to the SBMP control (p <
0.05).
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Figure 4.4. After the third recharge/re-release cycle, the specimens without further recharge were
tested for continuous Ca and P ion release for 42 d (mean ± sd; n = 4). The ion concentration
increased for about one week and then plateaued. Therefore, the recharged specimens (without
further recharge) could re-release ions for 14 d in Figure 4.3, and then continue to release ions for
one more week [151].
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Figure 4.5. (A) The amount of bovine serum albumin (BSA) protein adsorption onto resin
surfaces (mean ± sd; n = 4), incorporating 3% MPC into adhesive significantly decreased the
amount of protein adsorption on resin surfaces (p < 0.05). This has also been demonstrated by
live/dead staining images of biofilms grown on resin disks. The live bacteria were stained green,
and the dead bacteria were stained red. Disk specimen of the SBMP and the rechargeable
adhesive groups (B and C) were fully covered primarily by live bacteria. In contrast, disks of
DMAHDM and MPC incorporated adhesive (D) showed much less bacterial adhesion and
Fig. 5
biofilm coverage on resin disks and biofilm mainly consisted of dead bacteria [151].
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Figure 4.6. Biofilm viability on resins presented by metabolic activity (mean ± sd; n = 6). The
addition of DMAHDM and MPC monomers resulted in about 10-fold decrease in biofilm
metabolic activity, when compared to biofilms on the SBMP control (p < 0.05) [151].

Figure 4.7 plots the CFU counts of 2-day biofilms on resins: (A) Total
microorganisms, (B) total streptococci, and (C) mutans streptococci (mean ± sd; n = 6).
PEHB-NACP and SBMP controls had similar CFU for total streptococci and mutans
Fig. 6

streptococci (p > 0.1), while total microorganisms for SBMP control had more CFU
counts than the PEHB-NACP control (p < 0.05). The total microorganisms, total
streptococci and mutans streptococci on adhesives containing MPC+DMADHM were
nearly 3 orders of magnitude lower than those of controls.
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104 developed a therapeutic dental adhesive resin with triple benefits of Ca and P
This study

ion-rechargeable, antibacterial and protein-repellent properties for the first time. The
hypotheses were proven that the incorporation of NACP, DMAHDM and MPC into the
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adhesive did not have negative effects on the dentin bond strength; the adhesive
containing NACP, DMAHDM and MPC possessed strong antibacterial and proteinrepellent properties; and the protein-repellent and antibacterial adhesive demonstrated
excellent rechargeability. It produced Ca and P ion re-releases that showed no decrease
with increasing the number of recharge and re-release cycles, indicating long-term ion
release and remineralization.
The dentin bond strength of the therapeutic adhesive was similar to the
commercial SBMP control which was considered a “gold-standard” etch-and-rinse
adhesive [152]. The therapeutic adhesive contained the benefits of NACP, DMAHDM
and MPC, without compromising the dentin bond strength, likely because of the
following reasons. First, the small particle size of NACP allowed the incorporation of a
relatively low NACP filler level to have substantial releases of Ca and P ions, thus
avoiding to compromise the bond strength [63]. Increasing the NACP filler level from 0
to 30% caused no decrease in dentin bond strength, while obtaining substantial ion
release. Second, incorporation of DMAHDM also caused no decrease in dentin bond
strength, likely because DMAHDM was copolymerized by forming covalent bonds with
the polymer network [153]. Third, incorporation of MPC also caused no decrease in
dentin bond strength, likely because MPC could undergo radical copolymerization with
other methacrylates in the matrix [137]. These factors contributed to the therapeutic
bonding agent to maintain a dentin bond strength that matched the commercial control.
The similar bond strength indicates that the new adhesive may also be suitable for
restorations where SBMP is used, with the additional anti-caries benefits.
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Incorporating 30% NACP into the adhesive had higher initial Ca and P ion
release, and greater re-release, than that with 20% NACP. The better recharge and rerelease may be attributed to the space-occupying effect. After the Ca and P ions were
released, the sites that they were previously occupying became available for the new
incoming Ca and P ions from the recharge solution. Therefore, the material with higher
initial Ca and P ion release should also have a higher Ca and P ion recharge and rerelease. This is consistent with previous studies on the recharge of fluoride-releasing
dental materials, where materials with higher initial fluoride release also exhibited greater
fluoride recharge and re-release [154, 155].
The recharge mechanism was likely related to the carboxylate groups of PMGDM
in the adhesive which could chelate with the Ca ions in the recharge solution. The idea
was that, once recharged, the reservoir of ions in the resin could be “smartly” triggered to
release during a biofilm acid challenge, when these ions would be most needed to inhibit
demineralization. During a cariogenic challenge at low pH, the bond between PMGDM
and Ca ions could break down, thus inducing the ion re-release [68]. Another meritorious
feature of this therapeutic system is the long duration of ion release after one recharge.
The NACP adhesive continuously released Ca and P ions for 3 weeks after one recharge.
Therefore, it may be possible to use the Ca and P recharge solution clinically as a mouthrinse for one day to have lasting release for 3 weeks before another recharge would be
needed.
Bonding systems are quite successful in enamel bonding [156]. Dentin bonding,
however, is far more challenging. The presence of micro-gaps facilitate bacterial leakage
which could harm the pulp and cause secondary caries [85, 128]. Secondary caries
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develops in two locations: at the tooth surface adjacent to a restoration, similar to primary
caries; and in the interfacial gap between the restoration and the tooth [157, 158]. The
NACP adhesive would be effective in both locations, as it could release Ca and P ions to
increase the local pH and neutralize biofilm acids at the interface as well as in the
surrounding environment, such as the crevicular fluid near the gingival margins of Class
II and Class V restorations. Furthermore, micro-gaps usually exist between the adhesive
resin and the primed dentin, or between the adhesive and the hybrid layer [113]. A large
portion of these marginal gaps would be surrounded by the cured adhesive resin. Thus,
the presence of MPC in the adhesive would repel proteins and bacterial adhesion, thus
making a transient, rather than long-lasting, biofilm attack. The mechanism of the
protein-repelling ability is due to the fact that MPC polymers are highly hydrophilic and
when hydrated, there is an abundance of free water but no bound water [137]. The bound
water would result in protein adsorption, while the free water around phosphorylcholine
groups could detach proteins, thereby repelling protein adsorption [144]. Furthermore,
the bacteria invading the tooth restoration margins would come into contact with the
adhesive surface and would be killed by DMAHDM. The mechanism of antibacterial
action for DMAHDM is suggested to be contact-inhibition [150]. The positively-charged
quaternary amine N+ interacts with the negatively-charged cell membrane, leading to
membrane disruption and cytoplasmic leakage [150]. Due to the pathological
complexities of secondary caries, secondary caries may not be prevented with only one
approach. In the present study, the proposed triple approaches of MPC, DMAHDM and
rechargeable NACP, together, may represent the most effective anti-caries method so far.
In addition, the combination of rechargeable NACP + DMAHDM + MPC is expected to
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be applicable in a wide range of dental applications including composites, bases, cements
and sealants, to have long-term rechargeable Ca and P ion remineralization, and to
suppress biofilms and inhibit caries.
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CHAPTER FIVE
SUMMARY AND CONCLUSIONS

This dissertation utilized the bioactive agents NACP, DMAHDM and MPC to address the
high rate of restorative failures due to secondary caries. Incorporating DMAHDM, MPC
and NACP achieved efficient anti-caries qualities, remineralizing CaP ions with longterm recharge capability, bactericidal activity, and protein-repelling function. The
developed novel adhesives had unique monomer structure which offers the ability to
chelate with Ca ions, thus providing the ability of the adhesives to be recharged with
ions. The recharge function is of major significance for stable and durable therapeutic
effect of remineralization. At the same time, PEHB adhesive had excellent bond strength
values that were similar to the commonly used commercial adhesive SBMP.
DMAHDM+NACP adhesives achieved potent antibacterial activity, and repeated
ca and p ion recharge and re-release capability were demonstrated for dental adhesive for
the first time. The antibacterial effectiveness of DMAHDM resulted in biofilms primarily
composed of dead bacteria, as shown in live/dead images. Moreover, the
DMAHDM+NACP adhesive showed significant reduction in biofilm metabolic activity
by 2-3 folds, lactic acid production by 10-folds, and CFU counts by 3 logs. The
rechargeable and antibacterial adhesive demonstrated substantial ca and p ion recharge
and re-release, which were maintained at the same level with increasing the number of
recharge cycles. In addition, the ability of the DMAHDM monomer to form covalent
bonds with PEHB adhesives result in bond strength values similar to the PEHB without
DMAHDM, and to the commercial adhesive SBMP.
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The incorporation of NACP+MPC into PEHB adhesive developed the first
calcium phosphate ion-rechargeable and protein-repellent adhesive. Substantial reduction
in protein adsorption and bacterial adhesion, and repeated Ca and P ion recharge and rerelease capability were demonstrated for a dental adhesive for the first time. NACP+MPC
adhesive did not adversely affect the dentin bond strength. The rechargeable adhesive
with NACP and MPC reduced protein adsorption by 10-folds, and reduced biofilm CFU
by 1-2 orders of magnitude. The rechargeable and protein-repellent adhesive
demonstrated substantial Ca and P ion recharge and re-release. The re-release showed no
decrease with increasing the number of recharge and re-release cycles, indicate a longterm remineralization ability.
Developing a rechargeable therapeutic adhesive with NACP, DMAHDM and
MPC combines the benefits of all bioactive agents discussed in this project. Antibacterial,
protein repelling, and repeated Ca and P ion recharge and re-release capabilities were
demonstrated for dental adhesive for the first time. Incorporating NACP, DMAHDM and
MPC into the adhesive did not adversely affect the dentin bond strength, compared to
SBMP commercial adhesive. The rechargeable therapeutic and anti-caries adhesive
possessed potent antibacterial and protein-repelling functions, reducing protein
adsorption and biofilm activity by 10-folds and CFU counts by 3-4 logs. The
rechargeable, antibacterial and protein repelling adhesive demonstrated substantial Ca
and P ion release before and after being recharged. The ion concentration after recharge
was maintained at the same level with increasing the number of recharge cycles, thus
providing durable and stable remineralization.
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The combined effects of (1) NACP’s remineralization and acid neutralization, (2)
DMAHDM’s potent contact-killing of microbiota, and (3) the anti-adhesion effectiveness
of MPC against proteins and bacteria, provide three different mechanisms to combat
biofilm acid attacks. Considering the restoration-tooth bonded interface being the weak
link and secondary caries at the margins being the primary reason for restoration failures,
this novel calcium phosphate-rechargeable and antibacterial adhesive is promising for a
wide range of tooth restoration applications to inhibit caries.
Future studies testing the efficacy of the anti-caries agents should be tested under
mechanical challenge, such as cycling fatigue at dentin-adhesive interface. Artificial
ageing methods such as thermal and pH cycling are needed to further simulate the oral
environment challenges. Future studies testing these various anti-caries strategies in a
controlled in-vitro caries model, or even an in-situ or in-vivo models are also needed.
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