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ABSTRACT
Title of the Dissertation: Development of a new generation of dental rechargeable
nanocomposites with anti-caries properties.
Yousif A. Al Dulaijan, BDS, MDS, Doctor of Philosophy, 2018.
Dissertation directed by: Huakun Xu, PhD, MS, Professor, Director, Biomaterials and
Tissue Engineering Division, Department of Advanced Oral Sciences and Therapeutics,

University of Maryland School of Dentistry, Baltimore, MD, USA.

Dental composites are popular for tooth cavity restorations due to their aesthetics,
conservative approach, and direct-filling abilities. However, composite restorations have
limited lifetime due to several limitations, including secondary caries, fracture, minimal
abrasion and wear resistance and higher marginal leakage. Indeed, secondary caries is the
primary reason for composite restoration failure. Besides, several studies have shown that
conventional dental composites accumulate more biofilms/plaque when compared to
other restorative materials. Therefore, this dissertation aims to develop a new generation
of dental composites with antibacterial effects, protein-repellent activities, and
remineralization properties. Recently, a rechargeable composite was developed, but this
composite has no antibacterial or protein-repellent activities. In this dissertation projects,
the nanoparticles of amorphous calcium and phosphate (NACP) as remineralizing agent,
dimethylaminohexadecyl methacrylate (DMAHDM) as an antibacterial monomer, and 2-
metha-cryloyloxyethyl phosphorylcholine (MPC) as a protein-repellent agent were
incorporated into the rechargeable composite for the first time. Mechanical properties of

the new nanocomposites were evaluated. The characterization of protein adsorption was



measured. A human saliva microcosm biofilm model was used to determine biofilm
metabolic activity, lactic acid, and colony-forming units (CFU). Calcium (Ca) and
Phosphate (P) initial ion release, recharge and re-release were investigated. All
rechargeable nanocomposites have good mechanical properties that were compared to
those of a commercial composite. The rechargeable nanocomposites containing MPC
showed the ability to reduce protein adsorption, as well as the biofilm metabolic activity,
lactic acid, and CFU. The rechargeable nanocomposites containing DMAHDM showed
strong antibacterial properties through the great inhibition of biofilm metabolic activity
and lactic acid, and CFU. The incorporation of bioactive agents did not compromise the
Ca and P initial ion release and rechargeability. The release was maintained at the same
level with increasing number of recharge cycles, indicating long-term ion release.
Therefore, this new generation of rechargeable nanocomposites with long-term Ca and P
ion release, antibacterial and protein-repellent activities will provide the needed
therapeutic effects to remineralize and strengthen the tooth structures, prolong the

restoration longevity, and inhibit secondary caries.
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CHAPTER ONE: INTRODUCTION

Background:

Dental diseases are among the most prevalent chronic diseases in humans and create
substantial public health care and economic burdens and considered to be a crucial
challenge facing the United States health care system [1]. They can cause tooth loss, and
substantially affect the oral, general health and the overall quality of life [2]. Dental
caries is the most predominant dental disease that can affect the hard tissue. It is
considered as a multifactorial and chronic disease in which the fermentation of the
carbohydrate by cariogenic bacteria presented in the dental biofilm/plaque leads to
localized demineralization of tooth structure, which may eventually result in cavity
formation.

For a long time, mutants streptococci have been investigated as the principal
cause for caries development [3]. Nevertheless, another particular group of bacteria was
found to have a potential relation to the progression of dental caries, including lactobacilli
and bifidobacteria [4]. The process of cariogenic was originally described by the rising
acidic level of the oral microenvironment that leads to demineralization of the tooth
structures. Sucrose and other cariogenic dietary carbohydrates promote mutants
streptococci growth, as well as play a major role in the biochemical and physiological
changes that happen throughout the biofilm formation [5, 6]. Owing to the acid
production by acidogenic and acid-tolerant bacteria that produced from the ingestion of
sucrose, glucose or fructose, the pH in the biofilms tends to decline rapidly from neutral
to pH 5.0 or below, and this leads to initiation or extension of the demineralization [7].

Furthermore, the lower pH will cause a shift in the balance by favoring the growth of the



acidic bacteria, and this situation will exaggerate the formation of more acidic micro-
flora [8, 9].

Although the development of dental caries can be prevented through numerous
non-operative strategies such as optimization of patients oral hygiene, plaque control,
fluoride usage, modification of dietary habit, application of sealant. Operative dentistry
remains the core of dental practice and it accounts the vastest majority of the oral health
care provided by a dentist on a daily basis. Furthermore, there are approximately 200
million new restorations that are placed each year In the US [10]. Each year, hundreds of

millions of composite restorations are placed worldwide [11].

Common definitive restorative materials:
Several treatments modalities, which range from conservative and non-invasive
approaches to complete cuspal coverage, are available to restore carious teeth. It should
be noted that the restorative treatment options are only indicated in lesions with advanced
to obvious cavitation in which remineralization procedures have reached their limits [12].
The selection of the ideal treatment approach should be based on preservation of tooth
structure through the least invasive technique [12]. Indirect restorations, including full-
coverage crown, partial coverage crown, inlay and onlay are treatment options for large
carious lesions and teeth needing multisurface restorations. While small and moderate
size lesions are retorted with direct restoration. Common direct materials include dental
amalgam, glass-ionomer cement and resin-based composite [13].

Dental amalgam considered the traditional material of choice to restore posterior

teeth. However, it is application frequency is decreasing because of the growing demands



for tooth-colored restorations by patients and dental practitioners. Dental amalgams
provide several advantages such as low technique sensitive, ease of use, good mechanical
properties, and good dissolution resistance. Nevertheless, there are significant
disadvantages associated with dental amalgam. These include the unaesthetic appearance,
safety concern among specific patients and practitioners due to environmental pollution
and contradictory health effects of the release of mercury, cavity preparation technique
that required extension for prevention at the expense of sound tooth structure to provide
the resistance form and mechanical retention, as well it is least suitable for minimally
invasive dentistry [13-15].

To restore the anterior teeth, silicate cement restorations has been used
conventionally as esthetic restorations. In general, this type restoration does not exhibit
good physical properties [16]. The oral environments may causes erosion of the material
resulting in microleakage and deformations of margins. Moreover, these deformations
can lead to plaque accumulation, gingivitis and secondary caries [16]. Furthermore, this
material set as a colloidal gel, therefore, it is recommended to protect this restoration after
placement from drying that causes cracks by syneresis [17]. In addition, these restorations
are more vulnerable to discoloration and fracture compared to other anterior restorations
[17].

Besides silicate cement restoration, glass ionomer cement (GIC) is another
common tooth-colored restorative material used directly to restore carious teeth. It has
the advantages of releasing fluoride, has the ability to chemically bond to enamel and
dentine, and it can be used as luting agents. They have thermal expansion coefficients

that are similar to those of dentine. However, their color stability can be affected by



hygroscopic expansion caused by water absorption [18]. In addition, they have aesthetic
disadvantages when compared to composite resin materials [18]. Moreover, their
applications as posterior restoration are limited due to uncertain compressive strength and
wear resistance even with the recent developments in reinforced GIC materials [13, 18].
All of the above-mentioned restorative materials have certain disadvantages that
limit their uses and applications. However, these limitations and drawbacks can be

overcome by the use of the dental composite.

Dental composite: Is it the gold-standard esthetic direct-filling material?

Dental composite restorations have established an essential place in clinical practice,
continued to obtain popularity, and have substantially succeeded the former restorative
materials until became the first-choice direct restorative material [22, 23]. Composite
restorations consist of three major components; 1) the organic resin matrix, 2) inorganic
filler particles, and 3) the silane coupling agent that bond the filler particles to the matrix
chemically. In addition to other important agents such as initiators, inhibitors and
pigments to provide wide variety of tooth matching colors. These restorations underwent
serial of unending developments in the composite technology during the past five decades
that resulted in the surges of their consumptions[19]. The excessive rapid increase can not
only be linked to their pleasing aesthetics that mimic the natural tooth, excellent
durability, wear-resistance, minimally invasive approach that preserve the tooth structure,
direct-filling abilities, ability to bond to tooth structure, excellent mechanical properties,
and relatively lower cost compared to other indirect restorations [20-25]. In addition to

the advancements in adhesive dentistry.



Primarily, the absolute aims of using dental composite are to restore the missing
tooth structure esthetically and functionally and maintain long-term stability of the tooth-
restoration complex in the oral cavity. At present, there are a variety of uses for resin
composites in dentistry, including but not limited to direct restorations, cavity bases and
liners, pit and fissure sealants, cores and buildups, inlays, onlays, crowns, provisional
restorations, endodontic sealers, as posts, to alter teeth shape or color, as well as cement
for single crowns or fixed prostheses and orthodontic appliances [23, 26].

Although composite restorations have good survival rate, it was reported that the
annual failure rates of posterior composites were 1.8% at 5 years and 2.4% after 10 years
of service. [27]. However, they have limited lifetime due to several drawbacks, including
but not limited to secondary caries, fracture, minimal abrasion and wear resistance and
higher marginal leakage. Marginal leakage can provide pathways for bacteria to invade
from the oral environment. Bacterial growth and biofilms/plaques accumulation can
produce acids that lead to demineralization of the tooth structure and secondary caries
formation. Indeed, secondary caries remains the primary challenge facing composite
restorations, and it is the main reason for restoration failure [23, 28-30]. Morcover, the
treatment of the failed restorations accounts for 50-70% of all operative procedures
performed [30-33]. Also, the annual cost of replacement dentistry in the U.S. was
reported to be about $46 billion [34]. Despite the cost and time, the treatment of
secondary caries usually results in additional tooth structure loss and may weaken the

affected tooth [25].



Properties of composite restoration that increase the susceptibility of secondary
caries:
Despite there is no to date clear reasons for the higher secondary caries rates associated
with composite restorations, the literature proposes many various factors that may
contribute to the greater susceptibility of secondary caries. One of these factors is the
sealing capability of dental composite. It was stated that the presence of micro-gap at the
composite-tooth interfere is one of the potential foundations for the development of
secondary caries [25]. Also, the presence of a 70 um gap in the restoration/tooth interface
could lead to the demineralization and caries formation [35]. This could be related to the
composite procedure being very technique-sensitive and it highly depends on the
operator’s skills [29]. Furthermore, it has been showed that improper bonding at the
dentin surface resulting in the formation of secondary caries [36]. For that reason, efforts
were established to simplified adhesives by merging the steps to lower risk of the errors
[37]. The volumetric contraction also was found to be associated with sealing ability,
which is formed by the polymerization shrinkage [38]. Besides, investigations reported
that composite restoration tends to degrade over time at the composite-tooth interface
[39]. Moreover, studies suggested that mechanical stresses that generated during
mastication and the thermal stress caused by the variation of intra-oral temperature can
subject the restoration’s margins to opening and closing forces, which leads to
mechanical degradation of the interface [40, 41].

Another property that increases the incidence of secondary caries is the excessive
bacterial adhesion on the composite. A multitude of investigations showed that

composites accumulate more dental plaque compared to other restorative materials [42-



44]. This could be related to the surface roughness of the composite, since the high
surface roughness values have been found to advocate bacterial adhesion [45, 46]. For
that reason, perfect polishing of the composite restorations after placement is a key to
their success [47]. Another characteristic is the surface’s free energy or hydrophobicity,
and it has been suggested that increasing the surface-free energy will reduce biofilm
adhesion [45]. Furthermore, the composition of composite found to have an influence on
bacterial attachment, and researches have been reported that composite’s filler particles
could have an essential role [48].

Furthermore, conventional composites do not possess antibacterial properties due
to the lack of antibacterial and buffering ability. Thus, they do not have the capacity to
inhibit or reduce biofilm formation alone [25]. When comparing composite to other
common materials used as permanent restorations, amalgams showed to have some
antibacterial properties due to their metal ions composition such as Sliver, Mercury, and

Copper [49, 50], while glass-ionomer restorations have the ability to release fluoride [25].

Strategies used to reduce the susceptibility of secondary caries:

Generally, there are four main approaches to reduce the susceptibility of secondary caries
in dental composites. These strategies are 1) the incorporation of antimicrobial agents, 2)
the addition of remineralizing agents, 3) the modifications of the surface properties of the
composites, and 4) other strategies to maintain a good sealing ability [25]. Several studies
have focused on the incorporation of antibacterial and remineralizing agents, while other
efforts were conducted to improve the surface characteristics of the composite. Moreover,

the sealing ability of composite predominantly depends on the dental adhesive. Thus, the



recent advancements in the adhesive dentistry and the extensive works to enhance the
polymerization shrinkage lead to the improvement of composite’s sealing ability [25].
Therefore, only the first three strategies to fight recurrent caries will be discussed in the
following paragraphs.

One method to combat dental caries involved the development of dental resins
with antibacterial properties by the incorporation of antimicrobial agents as filler particles
or by the modification of the resin matrix composition [51]. Various macro- and nano-
particles (e.g., silver, zinc oxide, titanium dioxide, copper oxide, and polyethyleneimine)
have been incorporated into dental composites or dental adhesives to have antibacterial
activity and inhibit the bacterial growth through several mechanisms. Due to the
antibacterial potential of silver (Ag), efforts were conducted to incorporate it into the
dental composite in the form of nano-filler, micro-filler, silver-supported zeolite and
silver-supported apatite. Studies reported that nanoparticles-silver (NAg) fillers have a
higher antibacterial efficacy and significantly minimal compromising of the mechanical
properties compared to the micro-particles. In addition, several previous studies have
assessed the long-term antibacterial activity of dental resin containing Ag due to the
extended Ag ion release [52], and this dental composite was shown the ability to inhibit
S. mutans development when tested over a 6-month period [53]. Moreover, NAg also was
added to dental adhesives, and the results showed a decreased in the metabolic activity of
the biofilm and CFU counts without compromise the bond strength [54]. Nevertheless,
the NAg concentration is limited due to the potential of unpleasing discoloration of the
restoration and possible toxicity of the adjacent tissues [55]. Additionally, zinc has been

used as the major filler component of dental cement for decades in dentistry. Similarly,



micro- and nano- fillers of zinc oxide were added to the composite resin for antibacterial
properties, the use of nanoparticles-zinc oxide (NZnO) showed higher effectiveness
against gram-negative and gram-positive bacteria compared to the conventional size
particles [55]. However, a higher concentration of NZnO compared to NAg is needed to
have antibacterial efficacy [56]. Moreover, investigations have indicated that NZnO can
causes toxicity on human gingival fibroblasts but it appears to be dose-dependent,
nonetheless, the toxicity can be reduced when nanoparticles are embedded in sodium-
phosphorylated chitosan [57]. Along these materials, soluble disinfectants were
integrated into the composite resin such as chlorhexidine, triclosan, the antibacterial
biopolymer chitosan, the antibiotics vancomycin, and metronidazole [25].

Regardless of their high antibacterial properties, the major drawback for using the
antibacterial agents as filler is larger amount of the agent that will be released in short
period, followed by decreases in the concentration, this will cause porosity in the material
which will affect the mechanical properties of the restoration [25]. To overcome this
drawback, quaternary ammonium methacrylates (QAMs) have been incorporated into
dental materials as synthesis monomers that can copolymerize with dental resin, this will
provide a durable and permanent antibacterial capability [55, 58]. Dental resins with 12-
methacryloyloxydodecylpyridinium bromide (MDPB) were developed, and their
effectiveness was tested, results show these resins have antibacterial properties by contact
killing [66]. The mode of antibacterial action of QAMs is identified to be contact-
inhibition, previous studies showed that when the negatively-charged bacterial cell
contacts the positively-charged sites of QAMSs, the electric balance of the cell membrane

might be disturbed, leading to bacteria death [59, 60]. Another QAMs monomer is the



Quaternary ammonium polyethylenimine (QAS-PEI) nanoparticles. QAS-PEI was
incorporated in dental resin, and the results demonstrated an immediate and strong
antibacterial effect against S. mutanand this activity was able to be maintained over one
month without leaching out and with no alteration of the original mechanical properties
[61]. Recently, a new dimethylaminohexadecyl methacrylate (DMAHDM) was
synthesized and integrated into the dental resin, which showed strong antibacterial
properties [62].

Another approach for caries-inhibition can be achieved by the modifications of
the surface properties of the composites. Surface roughness is one of the properties that
affect bacterial accumulation. Therefore and to control surface roughness, several efforts
were performed over the past twenty years to improve the polishability through the
enhancements in filler size and composition. Besides surface roughness, hydrophobicity
has been considered among the most significant factors that influence bacterial adhesion.
Thus, different investigations have focused on improving other surface characteristics of
composites. Riitterman et al. tested experimental composite with the incorporation of
low-surface tension agents, and the results showed a reduction in the bacterial adhesion
and cell viability [63]. Moreover, efforts were made to develop a material with protein-
repellent functions, an example of this the 2-methacryloyloxyethyl phosphorylcholine
(MPC), which is a methacrylate with phospholipid polar groups and is a common
biopolymer and can be incorporated into resin [64]. Characteristics of MPC include
histocompatibility, hemocompatibility, hydrophilicity, and resisting protein adsorption
and bacterial adhesion [64]. The mechanism of MPC was described previously that there

is an abundance of free water but no bound water in the hydrated MPC polymer, the
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bound water would result in protein adsorption, and the massive amount of free water
around the phosphorylcholine groups could detach proteins, resulting in repelling protein
adsorption [64].

Furthermore, several investigations suggested that saliva-derived protein film on
the cationic antibacterial surface of the resin might decrease the efficacy of contact
inhibition [59, 60]. Therefore, efforts were made to combine DMAHDM with MPC to
have synergistic effects. Hence MPC can significantly reduce the protein adsorption,
which will expose the resin surface to the bacteria, and this will improve the contact-

killing efficacy of DMAHDM (Figure 1.1.) [65, 66].
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Figure 1.1. A schematic to show the synergistic effects of combining MPC to DMAHDM. and
mechanism of action of DMAHDM.
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Another essential approach to inhibit secondary caries involved the incorporation
of remineralizing agents. The effectiveness of using fluoride for remineralization is well
documented in the literature, and it has been employed in various forms such as
fluoridated silicate glass filler particles, as inorganic fluoride compounds, or as organic
fluoride compounds [67, 68]. However, the general limitations of using fluoride are the
compromised mechanical properties, only small amount of ion will be released over an
extended period, the low rechargeability, and the lack of acid buffering ability [55]. One
approach to eliminate the compromised mechanical properties is the addition of CaF,
nanoparticles into the glass filler system, and several investigations showed high fluoride
ions release without compromising the mechanical properties [69, 70]. Another material
used for remineralization is the calcium (Ca) and phosphate (P) particles, and several
materials that contain more soluble Ca and P phases were developed with the ability to
release these ions to increase the mineral content adjacent to the carious lesions [55].
Furthermore, the most novel approach for remineralization is the incorporation of
nanoparticles of amorphous calcium phosphate (NACP). NACP can be added as fillers
into dental resins and results showed promising remineralization ability without

compromising the mechanical properties due to its small particle size (Fig. 1.2.).

40 n; 40 nm

Fig. 1.2. TEM images of amorphous calcium phosphate nanoparticles (NACP).
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In addition to the higher release of Ca and P ions owing to large surface-to-
volume ratio, especially at low pH when most needed [71-74]. Conventionally, the
previous CaP composites exhibited short-term ion release that was diminished over time
[71, 72, 75]. To overcome this, a novel rechargeable NACP dental resin was developed to
provide long-term Ca and P ion release, and the new resin showed the ability to be
recharged with Ca and P ion re-release for several cycles (Figure 1.3.) [76, 77].

Several former studies were focused on the development of composite restoration
possessing antibacterial and remineralization properties to prevent secondary caries, but
to date, there has been no report on the development of a composite restoration that has
the ability to maintain long-term protein-repellent, antibacterial, Ca and P ion release
capabilities, and rechargeability. Moreover, non of the previous investigations evaluated
the effect of incorporation of MPC and DMHAM alone or combined into the
rechargeable NACP composite on mechanical properties, Ca and P initial ion release,
recharge and re-release abilities. Therefore, it is important to develop a durable
rechargeable nanocomposites to help in increase the longevity of the restorations and

reduce the secondary caries incidents.
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Figure. 1.3. A schematic to illustration the mechanism of NACP. (A) During an acidic attack
resulted from the carbohydrate metabolism by cariogenic bacteria, which will cause
demineralization of the tooth structure. (B) The novel composite has the ability to release Ca and
P ion to help in remineralization and acid neutralization. (C) In addition the ability to be
recharged after exhaustion with new ions by a recharge solution. (D) Thus, the composite is ready
to combat secondary caries again owing to the new gained ions.
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Specific aims!

Specific aim 1: To develop the first Ca and P ion-rechargeable and antibacterial dental

resin composite and investigate the effects of NACP and DMAHDM on mechanical
properties, anti-biofilm activity, initial Ca and P ion release, and ion recharge and re-
release efficacy.!

Specific aim 2: To develop the first Ca and P ion-rechargeable composite with protein-

repellent and remineralizing properties, and investigate the effects of incorporation
of MPC on the mechanical properties, protein adsorption, biofilm growth, Ca and P ion
release, and ion recharge and re-release capability.!

Specific aim 3: To develop novel Ca and P ion-rechargeable composite with the triple

benefits of protein-repellent, anti-biofilm, and rechargeable remineralization capabilities.
To investigate the combined effects of NACP, MPC and DMAHDM on the mechanical
properties, protein adsorption, dental plaque microcosm biofilm response, Ca and P ion
release, and ion rechargeability to achieve long-term remineralization.!

|

Central hypothesis!

Incorporation of one of the novel anti-caries agents alone or combined into the
rechargeable NACP nanocomposite would not compromise the Ca and P ion release and
rechargeability; repeated recharge and re-release can be obtained for long-term
remineralization and protection of tooth structures; substantial anti-caries properties can
be achieved for the first time without compromising the mechanical properties of the

composite.!
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CHAPTER TWO
Novel rechargeable calcium phosphate nanocomposite with antibacterial activity to

suppress biofilm acids and dental caries

Chapter abstract

Objective: Rechargeable calcium phosphate (CaP) composites were developed
recently. However, none of the rechargeable CaP composites was antibacterial. The
objectives of this study were to develop the first rechargeable CaP composite that was
antibacterial, and to investigate the effects of adding dimethylaminohexadecyl
methacrylate (DMAHDM) into rechargeable CaP composite on ion rechargeability and
re-release as well as biofilm properties.

Methods:DMAHDM was synthesized via a Menschutkin reaction. Nanoparticles
of amorphous calcium phosphate (NACP) were synthesized using a spray-drying
technique. The resin contained ethoxylated bisphenol A dimethacrylate (EBPADMA) and
pyromellitic glycerol dimethacrylate (PMGDM). Two composites were fabricated:
rechargeable NACP composite, and rechargeable NACP-DMAHDM composite.
Mechanical properties and ion release and recharge were measured. A dental plaque
microcosm biofilm model using saliva was tested.

Results Flexural strength and modulus of rechargeable NACP and NACP-
DMAHDM composites matched commercial control composite (p > 0.1). NACP-
DMAHDM inhibited biofilm metabolic activity and lactic acid, and reduced biofilm
colony-forming units (CFU) by 3-4 log. NACP and NACP-DMAHDM showed similar
Ca and P ion recharge and re-release (p > 0.1). Therefore, adding DMAHDM did not

compromise the ion rechargeability. One recharge yielded continuous release for 56 d.
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The release was maintained at the same level with increasing number of recharge cycles,
indicating long-term ion release and remineralization capability.

Conclusions The first CaP rechargeable and antibacterial composite was
developed. Adding DMAHDM into the rechargeable NACP composite did not adversely
affect the Ca and P ion release and recharge, and the composite had much less biofilm
growth and lactic acid production, with CFU reduction by 3-4 log.

Clinical significance: This novel CaP rechargeable composite with long-term
remineralization and antibacterial properties is promising for tooth restorations to inhibit

caries.

2.1. Introduction

Dental diseases are among the most prevalent chronic diseases in humans. Dental
diseases create substantial public healthcare and economic burdens and affect the oral and
general health and the quality of life [1, 78]. Dental composites are popular materials to
restore carious teeth due to their esthetics and direct-filling capabilities. Significant
improvements in composites have resulted in the surge of their use [13, 79, 80].
However, composite restorations have limited lifetime due to several drawbacks,
including polymerization shrinkage/stress formation, fracture, relatively low abrasion and
wear resistance, and higher marginal leakage [81]. Marginal leakage can provide
pathways for bacteria to invade; these bacteria can produce acids that lead to
demineralization and secondary caries. Indeed, secondary caries is a primary reason for
restoration failures [23], and the treatment of the failed restorations accounts for 50-70%
of all operative procedures performed [31, 32]. Furthermore, the treatment of secondary

caries usually results in additional loss of tooth structures and may weaken the affected
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tooth [25]. Consequently, there is a substantial need to develop a new generation of
composites with the ability to combat secondary caries.

Therefore, efforts were made to formulate dental resins that possessed
antibacterial and remineralization abilities [23]. These methods involved the
incorporation of antimicrobial agents into resin composites and bonding agents [51].
Quaternary ammonium methacrylates (QAMs) were synthesized and copolymerized in
resins for antibacterial functions [59, 60, 82-85]. Resins containing 12-
methacryloyloxydodecylpyridinium bromide (MDPB) was shown to have a potent
antibacterial activity [83, 86, 87]. The antibacterial effectiveness of quaternary
ammonium compounds was found to be greater with the increase of the alkyl chain
length (CL) of the ammonium group [88]. Recently, resins containing
dimethylaminohexadecyl methacrylate (DMAHDM) with a chain length of 16 was shown
to be strongly antibacterial [62, 89]. The antibacterial effects of composite and adhesive
containing DMAHDM were investigated, demonstrating strong antibacterial activities
against cariogenic, endodontic and periodontal pathogens [90-93].

Another method for caries-inhibition involved remineralization using resins that
release calcium (Ca) and phosphate (P) ions. The incorporation of nanoparticles of
amorphous calcium phosphate (NACP) into composite enabled the release of Ca and P
ions especially during an acidic cariogenic challenge [71]. The ion release helps to
prevent demineralization and facilitates remineralization [66, 94]. Furthermore, the
NACP composite had the ability to be recharged with Ca and P ions to have long-term
ion release [76, 77]. One study demonstrated the repeated recharge of Ca and P ions for a

composite; however, the rechargeable NACP composite was not antibacterial
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[77]. Another study incorporated protein-repellant and antibacterial agents into a
rechargeable composite; however, there was no report on the effect of antibacterial agent
on the rechargeability, and there was no evidence if the antibacterial composite had Ca
and P ion recharge and re-release capability [66]. To date, there has been no report on the
effect of incorporation of DMAHDM into the rechargeable NACP composite on ion
recharge and re-release properties.

Accordingly, the objectives of this study were to: (1) develop the first Ca and P
ion rechargeable and antibacterial composite; and (2) investigate the effects of NACP and
DMAHDM on mechanical properties, biofilm response, and ion release, recharge and re-
release. It was hypothesized that: (1) Adding DMAHDM into rechargeable NACP
composite would have good mechanical properties matching those without DMAHDM,;
(2) Adding DMAHDM into rechargeable NACP composite would not compromise the
Ca and P ion release and recharge; and (3) The rechargeable NACP-DMAHDM
composite would have much less biofilm growth and lactic acid production than the

rechargeable composite without DMAHDM.

2.2. Material and methods

2.2.1. Formulation of composites

The resin consisted of ethoxylated bisphenol A dimethacrylate (EBPADMA) (Esstech,
Essington, PA, USA) and pyromellitic glycerol dimethacrylate (PMGDM) (Esstech,
Essington, PA, USA) with each at 49.5% (by mass), and 0.2% camphorquinone and 0.8%
ethyl 4-N,N-diethylaminobenzoate for light-cure activation [76]. This resin is referred to

as EBPM.
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A modified Menschutkin reaction was used to synthesize DMAHDM in which a
tertiary amine group was reacted with an organ-halide [95]. Briefly, 10 mmol of 2-
(dimethylamino)ethyl methacrylate (DMAEMA, Sigma-Aldrich, St. Louis, MO, USA)
and 10 mmol of I-bromohexadecane (BHD, TCI America, Portland, OR, USA) were
combined with 3 g of ethanol in a 20 mL scintillation vial. The vial was stirred at 70 °C
to react for 24 h. The solvent was then removed via evaporation, yielding DMAHDM as
a clear, colorless, and viscous liquid [62]. DMAHDM was mixed with EBPM at a mass
fraction of DMAHDM/(EBPM + DMAHDM) = 10%, according to a previous study [62].
This resin is referred to as EBPM-DMAHDM.

A spray-drying technique was used to synthesize NACP [71]. Briefly, calcium
carbonate and dicalcium phosphate anhydrous were dissolved in acetic acid to produce
Ca and P with concentrations of 8 mmol/L and 5.333 mmol/L, respectively, thus yielding
a Ca/P molar ratio of 1.5, the same as that for ACP [Ca,(PO,),]. This solution was
sprayed into a heated chamber of the spray-drying machine. An electrostatic precipitator
was used to collect the dry NACP. This produced NACP with a mean particle size of 116
nm [71]. In addition, silanized barium boroaluminosilicate glass particles with a median
size of 1.4 um (Caulk/Dentsply, Milford, DE, USA) were used as a co-filler for
mechanical reinforcement. These fillers were incorporated into the resin at a total filler
mass fraction of 70%, including 20% NACP and 50% glass, which were readily mixed to
produce a cohesive composite paste. Two resins were used: EBPM, and EBPM-
DMAHDM. For the EBPM-DMAHDM composite, the filler level was 70%, the resin
matrix was 30% and the resin contained 10% DMAHDM; hence, the final DMAHDM

mass fraction in the composite was 3%.
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In addition, a commercial composite (Heliomolar, Ivoclar, Ontario, Canada) was
used as comparative control. It contained 66.7% of nanofillers of 40-200 nm of silica and
ytterbium-trifluoride with fluoride-release. According to the manufacturer, Heliomolar is
indicated for Class I, II, III, IV and V restorations. Therefore, three composites were
tested:

[1].  Heliomolar (referred to as commercial control composite);
[2].  Rechargeable NACP composite: 20% NACP + 50% glass + 30% EBPM;
[3]. Rechargeable antibacterial NACP-DMAHDM composite: 20% NACP + 50%

glass + 3% DMAHDM + 27% EBPM.

2.2.2. Mechanical properties

Each composite paste was placed into a stainless steel mold of 2 x 2 x 25 mm, covered
with Mylar strips and light-cured (Triad 2000, Dentsply, York, PA, USA) for 1 min on
each open side. The irradiance of the Triad 2000 machine was previously calculated to be
65 mW/cm?” at the specimen position [96]. Specimens were stored dry at 37 °C for 24 h.
Flexural strength and elastic modulus were measured using a three-point flexural test
with a 10 mm span at a crosshead-speed of 1 mm/min on a computer-controlled
Universal Testing Machine (5500R, MTS, Cary, NC, USA), by following the ISO

guidelines [71, 97]. Flexural strength was calculated by: S = 3P y,5x/L(2bh%), where Ppjyax

is the fracture load, L is the span, b is specimen width and h is thickness. Elastic modulus
was calculated by: E = (P/d)(L*/[4bh’]), where load P divided by displacement d is the

slope in the linear elastic region [71, 97].
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2.2.3.Salivacollectionand dental plaguemicrocosmbiofilm model

Circular Teflon molds (9 mm in diameter and 2 mm in thickness) were used to fabricate
composite disks for biofilm tests. Specimens were covered with Mylar strips and photo-
cured in the same manner as described above. The cured composite disk was immersed in
200 mL of distilled water and magnetically stirred at 100 rpm for 1 h to remove any
uncured monomers, following a previous study [66, 93, 98]. Sterilization of the
composite disks was performed with ethylene oxide (AnproleneAN 741, Andersen, Haw
River, NC, USA). Then the specimens were de-gassed for 7 days following the
manufacturer’s instructions, prior to bacterial experiments.

The dental microcosm biofilm model was approved by the University of
Maryland Baltimore Institutional Review Board. This model used human saliva as
inoculum and has the advantage of providing the complexity and heterogeneity of the
microorganisms that are available in the dental plaque complex [99]. An equal volume of
saliva was collected from ten healthy donors having natural dentition without active
caries, and not having used antibiotics within the past 3 months. The donors were
instructed to avoid tooth brushing for 24 h and abstained from food and drink intake for 2
h prior to saliva donation. Then the saliva from the ten donors was combined and diluted
in sterile glycerol to a concentration of 70%, and stored at -80 °C for subsequent use [99].

The saliva-glycerol solution was added, with 1:50 final dilution, into a McBain
artificial saliva growth medium as inoculum. This 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; CaCl,, 0.2 g/L; cysteine

hydrochloride, 0.1 g/L; hemin, 0.001 g/L; vitamin K,, 0.0002 g/L, at pH 7 [100]. 2%
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sucrose was added to this medium. Then, 1.5 mL of the inoculum was added to each well
of 24-well plates containing a composite disk on the well bottom. The samples were
incubated at 37 °C in 5% CO, for 8 h to grow the biofilms on the composite disk surface.
Then, the disks were transferred to new 24-well plates with fresh medium and incubated
for 16 h. Then, the disks were transferred to new 24-well plates with fresh medium and
incubated for another 24 h. This totaled 48 h of culture, which was previously shown to

form relatively mature dental plaque microcosm biofilms on dental resins [89, 92].

2.2.4. Live/dead staining of biofilms

Composite disks with 2-day biofilms were washed with phosphate buffered saline (PBS)
and stained using the BacLight live/dead kit (Molecular Probes, Eugene, OR, USA) [89,
101]. A mixture of 2.5 uM SYTO 9 and 2.5 uM propidium iodide was used to stain each
sample for 15 min. Live bacteria were stained with SYTO9 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, USA). Six disks
were evaluated for each group. Three randomly chosen fields of view were photographed

from each disk, yielding 18 images for each composite.

2.2.5. MTT assay of metabolic activity of biofilms
Separate composite disks with 2-day biofilms were prepared. A colorimetric assay was
used that measures the enzymatic reduction of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide), a yellow tetrazole, to formazan [89, 101]. Disks with 2-
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day biofilms were transferred to a new 24-well plate, and 1 mL of tetrazolium dye was
added to each well and incubated at 37 °C in 5% CO; for 1 h. Then the disks were
transferred to a new 24-well plate, and 1 mL of dimethyl sulfoxide (DMSO) was added to
dissolve the formazan crystals. The samples were incubated for 20 min with gentle
stirring in the dark. Then 200 mL of the DMSO solution from each well was collected,
and its absorbance was measured via a microplate reader at 540 nm (SpectraMax M5,
Molecular Devices, Sunnyvale, CA, USA). A higher absorbance is related to a higher
formazan concentration, which indicates a higher metabolic activity in the biofilm on the

disk [101].

2.2.6. Lactic acid production by biofilms

Disks with 2-day biofilms were transferred to 24-well plates containing buffered-peptone
water (BPW) plus 0.2% sucrose. The 24-well plate was incubated for 3 h to allow the
biofilms to produce acid. The lactate concentrations in the BPW solutions were
determined using an enzymatic (lactate dehydrogenase) method, as described in previous
studies [62, 102]. BPW solutions were collected from each well and the absorbance was
measured at 340 nm (optical density OD,,,) using the microplate reader (SpectraMax
M5, Molecular Devices, Sunnyvale, CA, USA). Standard curves were prepared using a

lactic acid standard (Supelco, Bellefonte, PA, USA) as described previously [62, 102].

2.2.7. Colonyforming unit (CFU) counts of biofilms on composites

with 2-day biofilms were transferred into tubes with 2 mL of CPW, and the biofilms were

harvested by sonication and vortex (Analog Vortex Mixer, Fisher Scientific, Waltham,
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MA, USA) [89, 92]. Three different types of agar plates were evaluated. First, tryptic soy
blood agar culture plates were used to determine the total microorganisms [100]. Second,
mitis salivarius agar (MSA) culture plates containing 15% sucrose were used to
determine total streptococci [103]. This MSA agar contains agents such as crystal violet,
potassium tellurite and trypan blue, which inhibit most Gram-negative bacilli and most
Gram-positive bacteria except streptococci, thus enabling the growth of streptococci
[103]. Third, MSA agar culture plates with 0.2 units of bacitracin per mL were used to
determine the mutans streptococci [100]. The bacterial suspensions were serially diluted
and transferred into the three agar plates to evaluate the microorganism colonies. The

agar plates were incubated at 37 °C in 5% CO, for 48 h. The number of colonies was

counted and used, along with the dilution factor, to calculate the CFU on each specimen

[89, 92].

2.2.8. Measurement of Ca and P ion release from NACP

A sodium chloride (NaCl) solution (133 mmol/L) was buffered to pH 4 with 50 mmol/L
lactic acid to measure ion release, simulating a cariogenic condition [71, 73]. 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 mm*/mL. This was similar to a specimen volume per
solution of about 3.0 mm*/mL in previous studies. The concentrations of Ca and P ions
released from the specimens were measured at 1, 3, 5, 7, 14, 21, 28, 35, 42, 49, 56, 63
and 70 days [104, 105]. At each time, aliquots of 0.5 mL were removed and replaced by
fresh solution [77]. The aliquots were analyzed for Ca and P ion concentrations via a

spectrophotometric method (DMS-80 UV-visible, Varian, Palo Alto, CA, USA) using
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known standards and calibration curves [104, 105]. In addition, the pH of each solution
was checked and adjusted to pH 4 using 50 mM lactic acid for standardization. Only
groups 2 and 3 were tested for Ca and P ion release; group 1 was not included because
the commercial composite did not contain Ca and P ions. Six specimens were tested for
each group (n = 6) [77]. The measured ion releases are referred to as “initial release” to

differentiate from the recharge and re-release below.

2.2.9. Ca and P ion recharge and-release

After completion of the ion release for 70 days, the ion measurement indicated that the
ion concentration had plateaued and there was no additional ion release. Then, these
specimens were removed, rinsed with water for 5 min, and then immersed in a fresh 50
mL NaCl solution at pH 4. Their ion release was further measured for 7 days to ensure
the ion release from these specimens was exhausted [77]. These exhausted specimens
were then used for the recharge test. The Ca ion recharge solution consisted of 20
mmol/L CaCl, and 50 mmol/L HEPES buffer. The P ion recharge solution consisted of
12 mmol/L KHPO4 and 50 mmol/L HEPES buffer. The solutions were adjusted to pH 7
by the use of 1 mol/L KOH [106]. Three specimens of approximately 2x2x12 mm were
immersed in 5 mL of the calcium or phosphate solution and gently stirred for 1 min on a
mixing machine (Analog Vortex Mixer, Fisher Scientific, Waltham, MA, USA) at a
power level of 3 to simulate the action of using a mouthwash. Then the specimens were
rinsed with distilled water for 1 min to remove any ion deposits on specimen surfaces.
Following a previous study [107], the recharge was repeated three times at 9:00 am, 1:00

pm and 5:00 pm for one day, for a total of 3 min of recharge. The next day, the
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measurement was started for ion re-release. The recharged specimens were transferred
into a 50 mL NaCl solution at pH 4 to measure the Ca and P ion re-releases at 1, 2, 3, 5,
9, 11 and 14 days [77]; this constituted one cycle of recharge and re-release. Then the
specimens were recharged again for 3 min and the ion re-release was measured for 14
days, as cycle 2. Three cycles were tested in this study. Furthermore, after the third
cycle, the specimens without further recharge were placed in 50 mL of fresh NaCl
solution at pH 4 and the measurement of Ca and P ion re-release was continued for an
additional 42 days. The purpose of this was to determine how long the specimens could

further release Ca and P ions without any additional recharge treatment [77].

2.2.10. Statistical analysis

One-way and two-way analyses of variance (ANOVA) and Tukey’s multiple comparison
tests were performed to detect the significant effects of the variables in the mechanical
properties and antibacterial effects, and t-test was performed for the Ca and P initial ion
release and recharge and re-release. All the statistical analyses were performed by SPSS

22.0 software (SPSS, Chicago, IL, USA) at an alpha of 0.05.

2.3. Results

The flexural strengths and modulus of elasticity of the three groups (mean + sd; n = 8) are
plotted in Fig. 1. The three composites had comparable mechanical properties (p > 0.1).
Adding 3% DMAHDM into the composite did not significantly affect the flexure strength
and elastic modulus, compared to those without DMAHDM (p > 0.10). These results

demonstrated that the rechargeable antibacterial NACP-DMAHDM composite with 3%
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DMAHDM and 20% NACP had mechanical properties matching those of Heliomolar

which has been used in tooth cavities restorations.
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Fig. 2.1 Mechanical properties of composites: (A) Flexural strength, and (B) elastic modulus
(mean + sd; n =8). Adding 3% DMAHDM did not significantly affect the flexure strength and
modulus of elasticity of the composite, compared to that without DMAHDM (p > 0.1). Both the

rechargeable composites matched the mechanical properties of the commercial control composite
(p>0.1)[108].
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Representative live/dead images of 2-day biofilms on composites are shown in
Fig. 2. The commercial composite and the rechargeable NACP composite without
DMAHDM were fully covered by primarily live bacteria with green staining. In contrast,
the rechargeable antibacterial NACP-DMAHDM composite had much less live bacteria,

as its biofilms consisted of primarily compromised bacteria with mainly red staining.

(A) Commercial Control (5)) Rechargeable'NACP

(C) Rechargeable NACP-DMAHDM

Fig. 2.2. Representative live/dead staining images of 2-day biofilms on composites. (A & B)
Composite specimens without DMAHDM were fully covered by primarily live bacteria. (C) In
contrast, NACP-DMAHDM composite had noticeably much less live biofilms, and the biofilms
consisted of primarily compromised bacteria [108].
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Biofilm viability is plotted in Fig. 3: (A) MTT metabolic activity, and (B) lactic
acid production (mean + sd; n = 6). Incorporation of DMAHDM greatly decreased the
metabolic activity and lactic acid production of the biofilms, compared to those without
DMAHDM (p < 0.05). Rechargeable NACP composite (without DMAHDM) with 20%
NACP had metabolic activity and lactic acid production similar to those of Heliomolar (p

> 0.1), indicating that NACP had little effect on biofilm viability.
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Fig. 2.3. Viability of 2-day biofilms on composite disks. (A) Biofilm metabolic activity, (B) lactic
acid production (mean + sd; n = 6) [108].
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The CFU counts of 2-day biofilms on composites are plotted in Fig. 4 (mean =+ sd;
n = 6): (A) Total microorganisms, (B) total streptococci, and (C) mutans streptococci. All
three CFU counts on disks containing DMAHDM were about 3 to 4 orders of magnitude
less than those without DMAHDM. Rechargeable NACP composite without DMAHDM

had CFU results similar to those of Heliomolar (p > 0.1).
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Fig. 2.4. Colony-forming unit (CFU) counts of 2-day biofilm on composites. (A) Total
microorganisms, (B) total streptococci, and (C) mutants streptococci (mean + sd; n = 6). All three
CFU counts on the rechargeable NACP-DMAHDM composite were about 3 to 4 orders of
magnitude lower than those on the other two composites (p <0.05) [108].
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The Ca and P initial ion releases are plotted in Fig. 5 (mean + sd; n = 6): (A) Ca
ion release, and (B) P ion release. At 70 days, rechargeable NACP composite and
rechargeable antibacterial NACP-DMAHDM composite had Ca ion release in mmol/L of
(6.82 = 1.10) and (7.91 £ 0.69), respectively, not significantly different from each other

(p > 0.1). Their P ion release was (3.01 = 0.22) and (3.03 = 0.25) (p > 0.1), respectively.
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Fig. 2.5. Initial ion release from rechargeable composites. (A) Calcium ion release, and (B)
phosphate ion release (mean + sd; n = 6) [108].
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The results on the three cycles of recharge and re-release are plotted in Fig. 6.
After the 3rd recharge and re-release cycle, Ca ion release was (0.45 + 0.03) and (0.46 +
0.00) for rechargeable NACP composite and rechargeable antibacterial NACP-
DMAHDM composite, respectively. The P ion release was (0.17 £ 0.02) and (0.17 +
0.01), respectively, which are similar for the two composites (p > 0.1). These results
demonstrated that the addition of DMAHDM to the rechargeable NACP composite did
not adversely affect the initial ion release as well as the ion recharge and re-release.

After the completion of the third recharge and re-release cycle, the specimens
without further recharge were measured for Ca and P ion re-release for an additional 42
days, and the results are plotted in Fig. 7. At day 42 days, the Ca ion release was (0.50 +
0.01) and (0.50 + 0.02) for rechargeable NACP composite and rechargeable antibacterial
NACP-DMAHDM composite, respectively. The P ion release was (0.27 + 0.07) and
(0.23 + 0.03) for the two composites, respectively (p > 0.1). These results demonstrate
that the specimens after one recharge could continuously release ions for 42 days, and
adding 3% DMAHDM did not compromise this ion re-release capability for the

composite.
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2.4. Discussion

The present study developed the first composite that was antibacterial and possessed Ca

and P ion recharge and repeated re-release capabilities. The results demonstrated for the
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first time that incorporation of DMAHDM did not adversely affect the ion recharge and
re-release. The hypotheses were proven that the incorporation of DMAHDM into the
rechargeable NACP composite did not compromise the mechanical properties, which
matched those without DMAHDM and those of a commercial composite. In addition,
adding DMAHDM into the rechargeable NACP composite did not adversely affect the
Ca and P ion release and recharge. Furthermore, the rechargeable NACP-DMAHDM
composite had much less biofilm growth and lactic acid production, with CFU reduction
by 3-4 log, compared to the rechargeable composite without DMAHDM and the
commercial fluoride-releasing composite.

Secondary caries is a major challenge of composite restorations [23, 28, 29].
Studies suggested that the higher susceptibility of secondary caries might be related to the
lack of antibacterial ability of composites when compared to the other common materials
in restorations, such as amalgam and glass ionomers [25, 50]. Thus, the development of a
new generation of composites that possess antibacterial and acid-buffering properties
could be essential to prolong the service life of composite restorations. In previous
studies, micro- and nano-fillers of zinc oxide, titanium oxide, copper oxide and silver
were added to composites as fillers for antibacterial properties [55, 109]. Similarly,
soluble disinfectants were integrated into composites, including chlorhexidine, triclosan,
the antibacterial biopolymer chitosan, the antibiotic vancomycin, and metronidazole [25].
Their major drawback is that a larger amount of the agent is released in a short period of
time, rendering the effect to be short-term, in addition to causing porosity within the
material and degrading the mechanical properties [25]. To overcome this drawback,

QAMs were synthesized and incorporated into dental resins that copolymerized with the
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resin upon photo-polymerization [55]. Therefore, the antibacterial agent was immobilized
in the resin matrix and not released or lost over time, thereby offering durable
antibacterial properties [82, 83]. The mode of antibacterial action of QAMs is identified
to be contact-inhibition in previous studies [59, 60]. When the negatively-charged
bacterial cell contacts the positively-charged sites of QAMs, the electric balance of the
cell membrane could be disturbed, leading to bacterial cell death [59, 60]. In the present
study, the biofilm acid production was greatly reduced via the new composite containing
3% DMAHDM, compared to that without DMAHDM and the commercial composite.
The biofilm CFU was reduced by three orders of magnitude on the DMAHDM
composite. The features indicate the potential for substantially reducing the occurrence of
caries via the use of the new NACP-DMAHDM composite.

Another method to combat caries involved remineralizing agents. The
effectiveness of using fluoride for remineralization is well documented in the literature
[67, 68]. Efforts were made to investigate the addition of calcium fluoride (CaF)
nanoparticles into the resin as part of the filler system, yielding high fluoride release
without compromising the mechanical properties [69, 70]. However, the limitations of
using fluoride include the absence of acid neutralization and inability to raise the biofilm
plaque pH [55]. An alternative material for remineralization is the incorporation of
calcium phosphate particles. Several studies reported the release of Ca and P ions to help
raising the mineral content adjacent to carious lesions [55]. NACP composite showed
promising remineralization ability without compromising the mechanical properties,
achieving higher release of Ca and P ions especially at lower pH when the ions were most

needed to inhibit caries [71-74]. Recent studies developed rechargeable NACP composite
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with long-term Ca and P ion release [76, 77]. NACP composite had the ability to
neutralize acid attacks [66, 94], reduce secondary caries in enamel in a human in situ
study [73], the ability to remineralize enamel lesions in vitro [72], as well as the
capability to remineralize the demineralized dentin in the presence of acid challenge
when combined with poly (amido amine) (PAMAM) [74]. The NACP composite and
PAMAM had no antibacterial activity.

The present study developed the first rechargeable and antibacterial NACP
composite containing DMAHDM. The NACP-DMAHDM composite showed the ability
for recharge and re-release of Ca and P ions. It exhibited relatively prolonged release
after a single recharge. In addition, a similar level of re-release was achieved with
repeated recharges, showing no sign of diminishing with increasing the number of
recharge cycles. It was reported that resin-based CaP cement achieved effective
remineralization in tooth structures, with Ca ion release at the level of approximately 0.30
mmol/L and P ion release of about 0.05 mmol/L [75]. In the present study, after recharge,
both the NACP composite and NACP-DMAHDM composite had Ca ion re-release of
0.45 mmol/L and P ion re-releases of 0.17 mmol/L, which were higher than the previous
resin-based CaP cement that demonstrated effective remineralization [75]. Therefore, the
new rechargeable NACP-DMAHDM composite is promising to provide long-term Ca
and P ion release for durable remineralization efficacy. The Ca and P ion recharge
capability of the EBPM resin is related to the presence of PMGDM, which is an acidic
adhesive monomer that has active carboxylate groups. These groups can chemically
chelate with Ca or P ions of the dentin or the exterior environment such as a recharge

solution [77, 101]. With the rechargeable NACP composite, a new approach to promote
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remineralization and biofilm acid-neutralization could be clinically possible through the
prescription of mouthwashes containing Ca and P ions as the recharge solution. The
patient could use the mouthwash for 3 minutes on one day to have continuous ion release
for up to 49 days without a further recharge. Hence, this method has the advantage of less
relying on patient compliance compared to other remineralization approaches where a
mouthwash is needed daily. Furthermore, the NACP composite could have an additional
benefit on the remineralization due to its ability to increase the pH from the cariogenic or
danger zone (e.g., pH 4) to the safe zone (e.g., pH 6) [66, 94].

Besides antibacterial and remineralization properties, fracture resistance is
another important property for composite restorations [23, 28, 29]. The present study
showed that the NACP-DMAHDM composite achieved flexural strength and modulus of
elasticity similar to commercial control composite. The reason for the good mechanical
properties was that the new composite contained 50% glass particles as reinforcement
fillers. Since the commercial control composite Heliomolar is indicated for Class 1, II, III,
IV and V restorations according to the manufacturer, the new rechargeable NACP-
DMAHDM composite with similar mechanical properties may also be suitable for these
restorations, with the added benefits of strong antibacterial activity and long-term Ca and
P ion release due to rechargeability.

Traditionally, complete excavation or complete caries removal were considered as
the gold standard for management of carious lesions. However, these procedures are
considered to be overtreatments and hence are no longer advocated [110, 111].
Nowadays, an acute shift in the treatment of carious lesions has emerged through the

practice of conservative approaches such as atraumatic therapeutic techniques and
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minimally invasive dentistry. In these practices, only the infected, but not the affected,
dentin is removed to decrease the adversative results of the restorative treatment and to
persevere more tooth structures [110, 111]. The novel rechargeable NACP-DMAHDM
composite of the present study possesses the potential to facilitate and promote these
conservative approaches via remineralization and caries-control strategies by preserving
tooth structures after the proper maintenance of soft dentinal tissues. The rechargeable
NACP-DMAHDM composite could kill the remaining bacteria and remineralize and
strengthen the carious tissues left behind following the conservative cavity preparation.

Further studies are needed to investigate these applications and their efficacies.
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CHAPTER THREE
The addition of protein-repellent capability to the novel rechargeable calcium and

phosphate nanocomposite

Chapter abstract

Objective. There has been no report on the effect of incorporating protein
repellent 2-methacryloyloxyethyl phosphorylcholine (MPC) into a composite containing
nanoparticles of amorphous calcium phosphate (NACP) on calcium (Ca) and phosphate
(P) ion rechargeability. The objectives of this study were to develop a Ca and P
rechargeable and protein-repellent composite for the first time, and investigate the effects
of MPC and NACP on mechanical properties, protein-repellency, antibacterial effects, Ca
and P ion release and rechargeability.

Methods. NACP were synthesized using a spray-drying technique. The resin
contained ethoxylated bisphenol A dimethacrylate (EBPADMA) and pyromellitic
glycerol dimethacrylate (PMGDM). Three NACP composites were made with 0
(control), 1.5%, and 3% of MPC by mass. NACP (20%) and glass particles (50%) were
also added into the resin. Protein adsorption was measured by a micro bicinchoninic acid
method. A human saliva microcosm biofilm model was tested. Ca and P ion release,
recharge and re-release were measured.

Results Flexural strengths and moduli of all rechargeable composites matched
those of a commercial composite (p > 0.1). Adding 1.5% and 3% MPC reduced protein
adsorption to 1/3 and 1/5, respectively, that of a commercial composite (p < 0.05).

Adding 3% MPC suppressed biofilm metabolic activity and lactic acid production, and
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reduced biofilm colony-forming units (CFU) by nearly 2 logs. All three NACP
composites had excellent ion rechargeability and higher levels of re-release. One recharge
yielded continuous release for 42 d. The release was maintained at the same level with
increasing number of recharge cycles, indicating long-term ion release. Incorporation of
MPC did not compromise the ion rechargeability.

Significance Incorporation of 3% MPC in NACP composite greatly reduced
protein adsorption, biofilm growth and lactic acid, decreasing biofilm CFU by nearly 2
logs, without compromising Ca and P recharge. This protein-repellent NACP-MPC
rechargeable composite with long-term remineralization is promising for tooth

restorations to inhibit secondary caries.

3.1. Introduction

Dental caries is one of the most prevalent diseases in humans, which is the localized
destruction of dental hard tissues due to the acid production form bacterial carbohydrate
metabolism [112]. The use of composites has increased over time until they became the
number one material of choice to restore carious teeth. This is because of their superior
esthetics, direct-filling capabilities, as well as significant improvements in resin
compositions, curing conditions, and mechanical properties [21, 23, 113, 114].
Nevertheless, composite restorations have a limited lifetime due to several drawbacks,
including polymerization shrinkage/stress formation, fracture, and higher marginal
leakage, which can lead to demineralization and secondary caries [81, 115, 116].
Secondary caries and bulk fracture are the two main reasons for restoration failures [23].

More than half of all dental restorations fail within 10 years, and the management of the
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failed restorations accounts for 50-70% of all operative dentistry [32]. Additionally, the
treatment of secondary caries and re-restoration results in further loss of tooth structures
and may deteriorate the affected tooth, leading to endodontic treatment or extraction [25].
Furthermore, resin composites tend to accumulate more biofilms than enamel and other
restorative materials [117], and the accumulation of cariogenic bacteria was strongly
associated with caries [118]. Therefore, a new generation of bioactive materials are
needed to inhibit bacterial acids and reduce or eliminate caries.

Efforts were made to develop resins that possessed antimicrobial and
remineralization abilities [23]. The first approach involved the incorporation of
antimicrobial agents into composites and adhesives [51]. Quaternary ammonium
methacrylates (QAMs) were synthesized. Resins copolymerized with 12-
methacryloyloxydodecylpyridinium bromide (MDPB) exhibited strong antibacterial
activities [83, 86, 87]. Several other novel antibacterial materials were also developed,
including methacryloxylethyl cetyl dimethyl ammonium chloride (DMAE-CB),
polyethyleneimine nanoparticles [11,13], and cetylpyridinium chloride (CPC) [59, 60,
84]. In addition, sliver (Ag) was incorporated into resins due to its antibacterial
efficiency, and nanoparticles of Ag were demonstrated to be effective for antibacterial
applications without compromising the mechanical properties of the resins [119].
Recently, resins containing dimethylaminohexadecyl methacrylate (DMAHDM) with an
alkyl chain length of 16 was synthesized and exhibited strong antibacterial abilities [62,
89]. The antibacterial effects of composite and adhesive containing DMAHDM were
investigated, indicating effective antibacterial activities against several oral pathogens

and their biofilms [90-93].
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The second approach to battle caries involved the development of composites
containing protein-repellent agents, to solve the problem that conventional composites
accumulated more biofilms [117]. Biofilm formation on tooth surfaces or restorations is
initiated by the adsorption of salivary proteins [120]. Salivary proteins serve as the
receptors for, and are the prerequisite of, bacterial adhesion [121]. Thus, repelling the
proteins and the subsequent bacterial adhesion could hinder the initiation of caries.
Several hydrophilic polymers, such as poly(ethylene glycol), poly(2-hydroxyethyl
methacrylate), and 2-methacryloyloxyethyl phosphorylcholine (MPC), have been used to
form anti-fouling surfaces [122]. Recently, for the first time, MPC was incorporated into
dental composite, adhesive, and resin-modified glass ionomer to achieve a strong protein-
repellency without adversely affecting the mechanical properties [66, 92, 123].

The third approach for caries-inhibition involved remineralization using resins
that released calcium (Ca) and phosphate (P) ions to facilitate remineralization and acid-
neutralization [66, 71]. The incorporation of nanoparticles of amorphous calcium
phosphate (NACP) into resins allowed the release of Ca and P ions especially during an
acidic cariogenic challenge [66, 71]. Recently, rechargeable NACP composite was
developed for the first time that could be repeatedly recharged to have long-term Ca and
P ions release [76, 77]. However, in these previous studies, the rechargeable NACP
composites had no protein-repellent ability [77, 108]. Another study incorporated MPC
into an antibacterial rechargeable composite; however, there was no report on the effect
of MPC on the Ca and P ions release and the rechargeability [66]. To date, there has been
no report on the effect of incorporation of MPC into the rechargeable NACP composite

on initial ion release, ion recharge and re-release properties.
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The objectives of this study were to: (1) develop the first Ca and P ion-
rechargeable composite with protein-repellency; and (2) investigate the effects of NACP
and MPC on mechanical properties, protein adsorption, biofilms, and ion release,
recharge and re-release. It was hypothesized that: (1) Adding MPC into rechargeable
NACP composite would have good mechanical properties matching those without MPC;
(2) The rechargeable NACP-MPC composites would have much less protein adsorption
on the composite surface than that without MPC; (3) Adding MPC into rechargeable
NACP composite would not compromise the Ca and P ion release and recharge; and (4)
The rechargeable NACP-MPC composites would have much less biofilm growth and

lactic acid production than the rechargeable composite without MPC.

3.2. Material and methods

3.2.1. Formulation of rechargeable NAGRIPC nanocomposite
The experimental resin consisted of ethoxylated bisphenol A dimethacrylate
(EBPADMA) (Esstech, Essington, PA, USA) and pyromellitic glycerol dimethacrylate
(PMGDM) (Esstech, Essington, PA, USA) that were mixed at mass ratio of 1:1 (49.5%
each), with 0.2% camphorquinone and 0.8% ethyl 4-N,N-diethylaminobenzoate to enable
light-cure activation [76]. This resin is referred to as EBPM. MPC is a methacrylate with
a phospholipid polar group in the side chain (Sigma-Aldrich, St. Louis, MO, USA). MPC
was synthesized via a method described previously [64]. MPC was mixed with EBPM at
MPC/(EBPM + MPC) mass fractions of 5% and 10%, following a previous study [65].
NACP was synthesized by a spray-drying technique [71]. Briefly, calcium

carbonate and dicalcium phosphate were dissolved in acetic acid to produce Ca and P
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with concentrations of 8 mmol/L and 5.333 mmol/L, respectively, thus yielding a Ca/P
molar ratio of 1.5, the same as that for ACP [Ca,(PO,),]. A spray-drying machine was
used to spray this solution into a heated chamber. An electrostatic precipitator was used
to collect the dried NACP. This produced NACP with a mean particle size of 116 nm
[71]. For mechanical reinforcement, silanized barium boroaluminosilicate glass particles
with an average size of 1.4 um (Caulk/Dentsply, Milford, DE, USA) were used as a co-
filler. These fillers were incorporated into the resin at a total filler mass fraction of 70%
(20% NACP and 50% glass), which were readily mixed to produce a cohesive composite
paste. Since the resin matrix was 30%, the resins containing 5% MPC and 10% MPC
yielded final MPC mass fractions in the composite of 1.5% and 3%, respectively.

A commercial nanocomposite (Heliomolar, Ivoclar, Ontario, Canada) was
included as comparative control. It contained 66.7% of nanofillers of 40-200 nm of silica
and ytterbium-trifluoride with fluoride-release. According to the manufacturer,
Heliomolar is indicated for Class I, II, III, IV and V restorations. Therefore, four
composites were tested:

[1].  Heliomolar (referred to as commercial composite control);

[2].  Rechargeable NACP composite: 20% NACP + 50% glass + 30% EBPM (referred
to as Rechargeable NACP + 0% MPC);

[3].  Protein-repellent and rechargeable composite: 20% NACP + 50% glass + 1.5%

MPC + 28.5% EBPM (referred to as Rechargeable NACP + 1.5% MPC);

[4].  Protein-repellent and rechargeable composite: 20% NACP + 50% glass + 3%

MPC + 27% EBPM (referred to as Rechargeable NACP + 3% MPC).
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3.2.2. Mechanical properties

Stainless steel molds of 2 x 2 x 25 mm were used to fabricate the specimens. Each
composite paste was placed into the mold, covered with Mylar strips and light-cured
(Triad 2000, Dentsply, York, PA, USA) for 1 min on each open side. The irradiance of
the Triad 2000 was about 65 mW/cm?® at the specimen position [96]. After incubating at
37 °C for 24 h, the bars were tested in three-point flexure with a 10 mm span at a
crosshead-speed of 1 mm/min on a computer-controlled Universal Testing Machine
(5500R, MTS, Cary, NC, USA) [71, 97]. Flexural strength was calculated by: S =

3P ax/L(2bh?), where Py, is the fracture load, L is the span, b is specimen width and h

is thickness. Elastic modulus was calculated by: E = (P/d)(L*/[4bh’]), where load P

divided by displacement d is the slope in the linear elastic region [71, 97].

3.2.3.Characterizationof protein adsorption

To fabricate protein adsorption specimens, each composite paste was filled into rounded
Teflon molds of approximately 9 mm in diameter and 2 mm in thickness. Specimens
were covered with Mylar strips and photo-cured in the same manner as described above.
Then they were immersed in distilled water at 37 °C for 24 h. A microbicinchoninic acid
method was used to determine the amount of protein adsorbed on the composite disks
[92, 124, 125]. Each composite disk was immersed in phosphate-buffered saline (PBS)
for 2 h followed by immersing them in 4.5 g/L bovine serum albumin (BSA) (Sigma-
Aldrich) solution at 37 °C for 2 h [92, 124, 125]. The specimens then were rinsed with
fresh PBS by stirring at a speed of 300 r/min for 5 min (Bellco Glass, Vineland, NJ,

USA), and they were immersed in 1% sodium dodecyl sulphate in PBS and sonicated for
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20 min to completely detach the BSA adsorbed from the disk surface [92, 124, 125]. A
protein analysis kit (micro bicinchoninic acid protein assay kit; Fisher Scientific,
Pittsburgh, PA, USA) was used to determine the BSA concentration in the sodium
dodecyl sulphate solution. Briefly, 25 mL of the sodium dodecyl sulphate solution was
mixed with 200 mL of the bicinchoninic acid working reagent into the wells of a 96-well
plate and incubated at 60 °C for 30 min [92, 124, 125]. Then, the 96-well plate was
cooled to room temperature, and the absorbance at 562 nm was measured via a
microplate reader (SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA). Standard
curves were prepared using the BSA standard. The amount of protein on the disk surface

was calculated from the concentration of the protein [92, 124, 125].

3.2.4.Salivacollectionand dental plaguemicrocosmbiofilm model
Composite disks were fabricated as described above. The disks were immersed in 200
mL of distilled water and magnetically stirred at 100 rpm for 1 h to remove any uncured
monomers, following a previous study [66, 93]. Sterilization of the composite disks was
performed with ethylene oxide (AnproleneAN 741, Andersen, Haw River, NC, USA).
Then the specimens were de-gassed for 7 days following the manufacturer’s instructions.
The microcosm biofilm model was approved by the University of Maryland
Baltimore Institutional Review Board. This model uses human saliva as inoculum and
has the advantage of providing the complexity and heterogeneity of the microorganisms
in the dental plaque complex [99]. An equal volume of saliva was collected from each of
ten healthy donors having natural dentition without active caries, and not having used

antibiotics within the past 3 months. The donors were instructed to avoid tooth brushing
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for 24 h and abstained from food and drink intake for 2 h prior to saliva donation. Then
the saliva from the ten donors was combined and diluted in sterile glycerol to a
concentration of 70%, and stored at -80 °C for subsequent use [99].

The saliva-glycerol solution was added, with 1:50 final dilution, into a McBain
artificial saliva growth medium as inoculum. This 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, KCIl, 0.2 g/L; CaCl,, 0.2 g/L; cysteine
hydrochloride, 0.1 g/L; hemin, 0.001 g/L; vitamin K,, 0.0002 g/L, at pH 7 [100]. 2%
sucrose was added to this medium. Then, 1.5 mL of the inoculum was added to each well
of 24-well plates containing a composite disk on the well bottom. The samples were
incubated at 37 °C in 5% CO, for 8 h to grow the biofilms on the composites. Then, the
disks were transferred to new 24-well plates with fresh medium and incubated for 16 h.
Then, the disks were transferred to new 24-well plates with fresh medium and incubated
for another 24 h. This totaled 48 h of culture, which was previously shown to form

relatively mature dental plaque microcosm biofilms on dental resins [89, 92].

3.2.5. Live/dead staining of biofilms

After 48 h, the disks with biofilms were washed twice with phosphate-buffered saline
(PBS) and stained using the BacLight live/dead kit (Molecular Probes, Eugene, OR,
USA) [89, 101]. A mixture of 2.5 uM SYTO 9 and 2.5 uM propidium iodide was used to
stain each sample for 15 min. Live bacteria were stained with SYTO9 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
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epifluorescence microscope (Eclipse TE2000-S, Nikon, Melville, NY, USA). Six disks
were evaluated for each group. Three randomly chosen fields of view were photographed

from each disk, yielding 18 images for each composite.

3.2.6. MTT assay of metabolic activity of biofilms

Separate composite disks with 48-hour biofilms were prepared. A colorimetric assay was
used to measure the enzymatic reduction of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) which was a yellow tetrazole, to formazan [89, 101]. The
disks then were transferred to a new 24-well plate, and 1 mL of tetrazolium dye was
added to each well and incubated at 37 °C in 5% CO; for 1 h. Then the disks were
transferred to a new 24-well plate, and 1 mL of dimethyl sulfoxide (DMSO) was added to
dissolve the formazan crystals. The samples were incubated for 20 min with gentle
stirring in the dark. Then 200 mL of the DMSO solution from each well was collected,
and its absorbance was measured via the microplate reader at 540 nm. A higher
absorbance is related to a higher formazan concentration, which indicates a higher

metabolic activity in the biofilm on the disk [101].

3.2.7. Lactic acid production by biofilms

Separate disks with 2-day biofilms were prepared and transferred to 24-well plates
containing buffered-peptone water (BPW) plus 0.2% sucrose. The 24-well plate was
incubated for 3 h to allow the biofilms to produce acid. The lactate concentrations in the
BPW solutions were determined using an enzymatic (lactate dehydrogenase) method, as

described in previous studies [62]. BPW solutions were collected from each well and the
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absorbance was measured at 340 nm (optical density OD,,,) using the microplate reader.

Standard curves were prepared using a lactic acid standard (Supelco, Bellefonte, PA,

USA) as described previously [62].

3.2.8. Colonyforming unit (CFU) counts of biofilms on composites

Disks with 48-hour biofilms were transferred into tubes with 2 mL of CPW, and the
biofilms were harvested by sonication and vortex (Analog Vortex Mixer, Fisher
Scientific, Waltham, MA, USA) [89, 92]. Three different types of agar plates were
evaluated. First, tryptic soy blood agar culture plates were used to determine the total
microorganisms [100]. Second, mitis salivarius agar (MSA) culture plates containing
15% sucrose were used to determine total streptococci [103]. This MSA agar contains
agents such as crystal violet, potassium tellurite and trypan blue, which inhibit most
Gram-negative bacilli and most Gram-positive bacteria except streptococci, thus enabling
the growth of streptococci [103]. Third, MSA agar plates with 0.2 units of bacitracin per
mL were used to determine the mutans streptococci [100]. The bacterial suspensions
were serially diluted and transferred into the three agar plates to evaluate the

microorganism colonies. The agar plates were incubated at 37 °C in 5% CO, for 48 h.

The number of colonies was counted and used, along with the dilution factor, to calculate

the CFU on each specimen [89, 92].

3.2.9. Measurement of Ca and P ion release from NACP

A sodium chloride (NaCl) solution (133 mmol/L) was buffered to pH 4 with 50 mmol/L

lactic acid to simulate a cariogenic condition [71, 73]. Three specimens of approximately
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2 x 2 x 12 mm were immersed in 50 mL of solution to yield a specimen volume/solution
of 2.9 mm’/mL. This was similar to a specimen volume per solution of about
3.0 mm’/mL in previous studies [104, 105]. The concentrations of Ca and P ions released
from the specimens were measured at 1, 3, 5, 7, 14, 21, 28, 35, 42, 49, 56, 63 and 70 days
[77, 108]. The aliquots were analyzed via a spectrophotometric method (DMS-80 UV-
visible, Varian, Palo Alto, CA, USA) using known standards and calibration curves [104,
105]. In addition, the pH of each solution was checked and adjusted to pH 4 using 50 mM
lactic acid. Only groups 2, 3 and 4 were tested for Ca and P ion release; group 1 was not
included because the commercial composite did not contain Ca and P ions. Eight
specimens were tested for each group (n = 8). These ion releases are referred to as “initial

release” to differentiate from the recharge and re-release below.

3.2.10. Ca and P ion recharge and-release

After the ion release for 70 days, the ion concentration had plateaued and there was no
additional ion release. Then, these specimens were removed, rinsed with water for 5 min,
and then immersed in a fresh 50 mL NacCl solution at pH 4. Their ion release was further
measured for 7 days to ensure the ion release from these specimens was indeed exhausted
[77, 108], and these are referred to as “exhausted specimens”. These exhausted
specimens were used for the ion recharge test. The Ca ion recharge solution consisted of
20 mmol/L CaCl, and 50 mmol/L HEPES buffer. The P ion recharge solution consisted
of 12 mmol/L KHPO4 and 50 mmol/L HEPES buffer. The solutions were adjusted to pH
7 by the use of 1 mol/L KOH [77]. Four specimens of approximately 2 x 2 x 12 mm were

immersed in 5 mL of the calcium or phosphate solution and gently stirred for 1 min on a
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mixing machine (Analog Vortex Mixer, Fisher Scientific, Waltham, MA, USA) at a
power level of 3 to simulate the action of using a mouthwash. Then the specimens were
rinsed with distilled water for 1 min to remove any ion deposits on surfaces. Following a
previous study [107], the recharge was repeated three times at 9:00 am, 1:00 pm and 5:00
pm for one day, for a total of 3 min of recharge. The next day, the measurement was
started for ion re-release. The recharged specimens were transferred into a 50 mL NaCl
solution at pH 4 to measure the Ca and P ion re-releases at 1, 2, 3, 5,9, 11 and 14 days
[108]; this constituted one cycle of recharge and re-release. Then the specimens were
recharged again as described above, and the ion re-release was measured for 14 days, as
cycle 2. Three cycles were tested in this study. Furthermore, after the third cycle, the
specimens without further recharge were placed in 50 mL of fresh NaCl solution at pH 4,
and the measurement of Ca and P ion re-release was continued for a total of 42 days. The
purpose of this was to determine how long the specimens could further release Ca and P

ions without any additional recharge [77].

3.2.11. Statistical analysis

One-way and two-way analyses of variance (ANOVA) and Tukey’s multiple comparison
tests were performed to detect the significant effects of the variables in mechanical
properties, protein adsorption, antibacterial properties, Ca and P ion release and re-
release. All the statistical analyses were performed by SPSS 22.0 software (SPSS,

Chicago, IL, USA) at an alpha of 0.05.

53



3.3. Results

The mechanical properties of the composites are plotted in Fig. 3.1.: (A) Flexural
strengths, and (B) elastic modulus (mean + sd; n = 8). All the composites had similar
mechanical properties (p > 0.1). Adding 1.5% or 3% MPC did not significantly affect the
flexure strength and elastic modulus, compared to those without MPC (p > 0.1). They all
matched Heliomolar which has been used clinically as restorative material.

The protein adsorption results on composites are plotted in Fig. 3.2. (mean + sd; n
= 6). Adding MPC to composites significantly decrease the protein adsorption (p < 0.05).
The composite with 3%MPC composite had the least protein adsorption, which was
nearly 1/5 that of the composites without MPC (p < 0.05).

Representative live/dead images of 48-hour biofilms on composites are presented
in Fig. 3.3. Live bacteria were stained green, and dead bacteria were stained red. All the
composite disks had primarily live bacteria. The composites without MPC had noticeably
more bacteria coverage than composites containing MPC. Both rechargeable composites
with MPC had fewer bacteria, and the composite with 3%MPC had the least amount
bacteria.

Biofilm viability is plotted in Fig. 3.4.: (A) MTT metabolic activity, and (B)
bioflim lactic acid production (mean + sd; n = 6). Incorporation of MPC decreased the
metabolic activity and lactic acid production of the biofilms, compared to those without

MPC (p < 0.05).

54



90

(A)!
80

0F

60

50

40

30

Flexural Strength (MPa)

Commercial composite control
Rechargeable NACP + 0% MPC F————

Rechargeable NACP + 1.5% MPC i
Rechargeable NACP + 3% MPC  F—1—

10 ®)

Elastic Modulus (GPa)
[6;]

N
L]
Commercial composite control

[} ~
L] L]
Rechargeable NACP + 0% MPC

Rechargeable NACP + 1.5% MPC F——
Rechargeable NACP + 3% MPC k-

Fig. 3.1. Flexural strength (A), and elastic modulus (B) of composites (mean + sd; n = 8). Adding
1.5% or 3% MPC did not significantly decrease the flexural strength and elastic modulus of the
composite, compared to that without MPC (p > 0.1). Both the rechargeable composites matched
the mechanical properties of the commercial control composite (p > 0.1) [126].
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Fig. 3.2. Protein adsorption on composites. Incorporating MPC into the composite significantly
decreased the protein adsorption (p < 0.05) [126].

The CFU counts of 48-hour biofilms on composites are plotted in Fig. 3.5. (mean
+ sd; n = 6): (A) Total microorganisms, (B) total streptococci, and (C) mutans
streptococci. All three CFU counts on disks containing 1.5% MPC were about 1 order of
magnitude less than those without MPC. CFU counts on disks containing 3% MPC were
almost 2 orders of magnitude less than the control. Rechargeable NACP composite

without MPC had CFU similar to Heliomolar (p > 0.1).
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(C) Rechargeable NACP + 1.5% MPC (D) Rechargeable NACP + 3% MPC

Fig. 3.3. Representative live/dead staining images of 48-hour biofilms on composites. The live
bacteria were stained green, and the dead bacteria were stained red. (A & B) Composite
specimens without MPC were fully covered by primarily live bacteria. (C) The addition of 1.5%
MPC noticeably reduce bacterial attachment. (D) The rechargeable NACP + 3% MPC composite
had the least bacterial attachment [126].

The Ca and P initial ion releases are plotted in Fig. 3.6. (mean = sd; n = 8): (A) Ca
ion release, and (B) P ion release. The composites exhibited continuous ion release with
the ion concentrations increasing with increasing time. Adding 1.5% or 3% MPC into the

composite did not significantly affect the initial ion release (p > 0.05).
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Fig. 3.4. Biofilm metabolic activity (A), and lactic acid production (B) of 48-hour biofilms on
composite disks. (mean + sd; n = 6). Adding 1.5% or 3% MPC to the rechargeable NACP

composite significantly reduce the metabolic activity of biofilm and lactic acid production (p <

0.05) [126].
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Fig. 3.5. Colony-forming unit (CFU) counts of 48-hour biofilm on composites. (A) Total

microorganisms, (B) total streptococci, and (C) mutants streptococci (mean + sd; n

6) [126].
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Fig. 3.6. Calcium (Ca) and phosphate (P) initial ion release from the rechargeable NACP
composites. (A) Ca ion release, and (B) P ion release (mean + sd; n = 8) [126].
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The results on the three cycles of recharge and re-release are plotted in Fig. 3.7.
All three composites showed excellent rechargeability. The three cycles reached similar
levels of ion re-release (p > 0.1), showing no decrease in ion re-release with increasing
number of recharge and re-release cycles. After the 3rd recharge and re-release cycle, the
Ca ion release was (0.97 + 0.05), (0.91 + 0.03), and (1.00 + 0.02) for 0%, 1.5%, and 3%
MPC, respectively (p > 0.1). The P ion release was (0.22 + 0.01), (0.19 = 0.01), and (0.22
+ 0.01) for 0%, 1.5%, and 3% MPC, respectively (p > 0.1). These results demonstrated
that the addition of 3% MPC to the rechargeable NACP composite did not adversely
affect the ion recharge and re-release.

After the completion of the third recharge and re-release cycle, the ion re-release,
without further recharge, were measured for a total of 42 days, and the results are plotted
in Fig. 3.8. At 42 days, the Ca ion release was (1.15 £+ 0.05), (1.04 = 0.03), and (1.16 =
0.01) for 0%, 1.5%, and 3% MPC, respectively (p > 0.1). The P ion release was (0.25 +
0.00), (0.22 £ 0.01), and (0.27 £ 0.01) for 0%, 1.5%, and 3% MPC, respectively (p > 0.1).
These results demonstrate that (1) the specimens after one recharge could continuously
release ions for 42 days, and (2) adding 3% MPC did not compromise the ion recharge

and re-release capability.
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Fig. 3.7. Ion recharge and re-release from the rechargeable NACP composites. (A) Calcium ion
release, and (B) phosphate ion release (mean + sd; n = 4). Three cycles of recharge and re-release
were tested for each composite [126].
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3.4. Discussion

The present study developed a novel rechargeable NACP-MPC composite with (1)
sustained Ca and P ion recharge and repeated re-release capabilities, (2) strong protein-
repellency and anti-biofilm activity, for the first time. Adding MPC into the rechargeable
NACP composite did not adversely affect the mechanical properties, which matched
those of a commercial composite. The incorporation of MPC did not adversely affect the
Ca and P ion release and rechargeability. The rechargeable composite with 20% NACP +
3% MPC greatly reduced protein adsorption, bacteria attachment, metabolic activity,
lactic acid production, and CFU counts, comparing to the rechargeable composite without
MPC and the commercial fluoride-releasing nanocomposite.

One of the factors associated with secondary caries is the excessive bacterial
adhesion on resin composite [117]. When the surface of a tooth or resin restoration is
exposed to the oral cavity, it is covered with a salivary pellicle that contains a layer of
selectively adsorbed salivary proteins. These salivary proteins act as a binding site that
initiates the microorganisms adhesion and biofilm formation [127]. Previous studies
showed that most proteins adsorb favorably onto hydrophobic surfaces [121].
Accordingly, the best strategy for preventing the accumulation of pathogenic bacteria and
caries is to hinder initial microbial adhesion [128]. Therefore, several promising
improvements have been introduced, such as increasing the surface hydrophobicity by
changing the surface wettability, adding disinfectant components, and incorporation of
MPC [128]. In the medical field, the addition of protein-repellent agents has become
indispensable for the development of modern therapeutic and diagnostic tools such as

biosensors, drug-delivery capsules, and biomedical implants [129]. MPC, in specific, has
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been incorporated into several biomedical devices with the approval of the United States
Food and Drug Administration (FDA) [130]. MPC is a methacrylate with a phospholipid
polar group in the side chain and is a common biocompatible and hydrophilic biomedical
polymer [64]. Regarding the protein-repellent mechanism, it was described that there is
an abundance of free water but no bound water in the hydrated MPC polymer [64]. The
bound water would result in protein adsorption, and the large amount of free water
around the phosphorylcholine groups could detach proteins, thus repelling protein
adsorption [131]. Therefore, increasing the mass fraction of MPC in EBPM resin would
increase its protein-repellent potency. Indeed, in the present study, the incorporation of
1.5% and 3% of MPC reduced the protein adsorption to 1/3 and 1/5 that without MPC,
respectively.

The present study used a McBain medium, which is an artificial saliva-like
medium. Mucin is one of the major components of this medium, which it is an important
salivary protein in the salivary pellicle and accounts for up to 26% of the natural salivary
proteins [120]. The use of the McBain artificial saliva medium is favorable to test biofilm
formation, which simulates the oral environment. Adding 3% MPC into the rechargeable
composite reduced the biofilm CFU counts by nearly 2 logs, compared to those of the
controls. These abilities of protein-repellency and prevention of biofilm formation have
the potential for substantially decreasing the risk of secondary caries via the use of the
new NACP-MPC composite.

Since acid production by cariogenic bacteria is responsible for demineralization,
the incorporation of a remineralizing agent that has the ability to promote

remineralization and acid-neutralization is a desirable approach. Indeed, calcium
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phosphate particles were added to dental resin to help to raise the mineral content
adjacent to carious lesions [55]. Composite containing NACP showed promising
remineralization with higher Ca and P ion releases, especially at lower cariogenic pH
when the ions were most needed to inhibit caries [71-74]. However, these Ca and P
releases were short-term and lasted for only a few weeks. To overcome this problem,
recent studies developed rechargeable NACP composite with long-term Ca and P ion
release [76, 77, 108]. It was reported that the PMGDM monomer contributed to the
rechargeability of EBPM resin [77, 101]. PMGDM is an acidic adhesive monomer that
has active carboxylate groups, which can chemically chelate with the ions from the dentin
or the exterior environment like a recharge solution [77, 101]. The ion releases enable the
NACP composite to have the ability to neutralize acid attacks and increase the pH from
the cariogenic or danger zone (e.g., pH 4) to the safe zone (e.g., pH 6) [66]. Indeed, the
NACP composite decreased secondary caries in enamel in a human in situstudy [73], and
remineralized enamel lesions in vitro [72]. In addition, the NACP composite, when
combined with poly(amido amine) (PAMAM), substantially promoted the
remineralization of demineralized dentin even in the presence of acid challenge,
completely restoring the hardness of demineralized dentin to that of healthy dentin [74].
A similarly high level of Ca and P re-release from the NACP-MPC composite
was achieved with repeated recharges, showing no sign of diminishing with increasing
the number of recharge cycles. Interestingly, both rechargeable NACP + 1.5% and 3%
MPC exhibited higher Ca and P initial ion release, compared to the rechargeable
composite without MPC. This could be related to the hydrophilicity of MPC, which

would permit higher water-intake from the immersion solution, resulting in more ion
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release. However, the effect of the hydrophilicity of MPC in the rechargeability and ion
re-release was minimal. Further study is needed to systematically determine the effect of
MPC on the ion release and recharge.

Nevertheless, all the recharge groups had Ca ion re-release of 0.83-1.00 mmol/L,
and P ion re-release of 0.17-0.22 mmol/L. These values are much higher than the
previously reported concentrations (0.30 mmol/L of Ca ions, and 0.05 mmol/L of P ions)
in the literature which were shown to achieve effective remineralization of tooth
structures [75]. Thus, the new rechargeable NACP + 3% MPC composite is promising to
provide long-term Ca and P release with durable remineralization. Not only is the Ca and
P release long-term and durable, the MPC contains reactive methacrylate groups which
by photoactivation is copolymerized with the resin [132]. Therefore, MPC is covalently-
bonded and immobilized in the resin and not leached out and lost over time, hence the
protein-repellent activity is also long-term.

It is important for composites to have load-bearing properties [23]. The composite
should rely on strong and non-releasing fillers, in addition to the releasing fillers, for
strength [133]. In the present study, the rechargeable NACP-MPC composites contained
50% glass particles as reinforcement fillers. This resulted in flexural strength and elastic
modulus values being similar to a commercial control composite. According to the
manufacturer, Heliomolar is indicated for Class I, II, III, IV and V restorations. Thus, the
new rechargeable NACP+MPC composites with similar mechanical properties may also
be used for these restorations, with the additional benefits of protein-repellency,
antibiofilm and durable Ca and P ion release due to rechargeability.

Another point that can affect the durability is material degradation. There is
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strong evidence that bacterial adhesion and biofilm formation contribute to the chemical
and mechanical degradation of the composites [117]. Several mechanisms through which
the structure and function of synthetic polymeric materials can be damaged by biofilms
were reported [134]. Moreover, the acid production from cariogenic bacteria can cause
surface swelling of the composite, affecting the surface roughness, which creates further
bacterial attachment [135]. Besides the degradation, the bacterial attachment can infect
the adjacent soft and hard tissues, including the enamel, dentin, and gingival tissues,
which may affect the longevity and prognosis of any dental treatment. Therefore, the
present study proposed a highly desirable strategy to prolong the survival time of dental
composites by the development of composite to possess protein-repellent properties and
have durable Ca and P ion release for remineralization and acid-neutralization. Additional

researches are needed to further improve this important strategy.
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CHAPTER FOUR

Combining both protein-repellent and antibacterial capabilities for triple benefits

Chapter abstract

Objective:Dental caries is a prevalent problem worldwide. The objectives of this
study were to: (1) develop a novel calcium (Ca) and phosphate (P) ion-rechargeable
composite with protein-repellent and antibacterial activities; and (2) investigate the
effects of nanoparticles of amorphous calcium phosphate (NACP), 2-
methacryloyloxyethyl  phosphorylcholine (MPC), and dimethylaminohexadecyl
methacrylate (DMAHDM) on mechanical properties, protein adsorption, oral biofilms,
and ion recharge and re-release for the first time.

Methods: The resin contained ethoxylated bisphenol A dimethacrylate and
pyromellitic glycerol dimethacrylate. Four nanocomposites were made: 0 MPC and
DMAHDM (control), 3% MPC, 3% DMAHDM, and 3% MPC + 3% DMAHDM by
mass. NACP (20%) and glass particles (50%) were mixed into the resin. Protein
adsorption was measured. A human saliva microcosm biofilm model was used to
measure colony-forming units (CFU), live/dead, metabolic activity, and lactic acid. Ca
and P ion release, recharge and re-release were determined.

Results Flexural strength and elastic moduli of all the composites matched those
of a commercial control composite (p > 0.1). Adding 3% MPC or DMAHDM
individually reduced bioflim metabolic activity, lactic acid and CFU (p < 0.05). NACP
composite with 3% MPC + 3% DMAHDM had the least biofilm metabolic activity and
lactic acid, and reduced biofilm CFU by more than 3 logs. All NACP composites showed

high levels of Ca and P ion release, recharge and re-release. Adding MPC and
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DMAHDM did not compromise the ion rechargeability. One recharge yielded continuous
release for 42 days. The release was maintained at the same level with increasing the
number of recharge cycles, indicating long-term remineralization capability.
Conclusions The first Ca and P ion-rechargeable composite with protein-
repellent and antibacterial abilities was developed. The composite had much less biofilm
metabolic activity and lactic acid, with CFU reduction by more than 3 logs. This novel
Ca and P ion-rechargeable composite with protein-repellent and antibacterial properties is

promising for tooth restorations.

4.1. Introduction

Dental caries is associated with acid-producing bacteria, such as Streptococcus mutans
(S. mutangand Lactobacillus acidophilug136] S. mutanglays an essential role in the
initiation of carious lesions, while Lactobacillus acidophilugs commonly found in
excessive numbers in superficial and deep carious lesions. Both bacteria are considered to
be the dominant etiological elements responsible for dental caries [136]. The acids
produced by biofilms can decrease the local pH to the cariogenic range of 5.5-4, which
can dissolve the calcium and phosphate minerals leading to caries formation [71]. Nearly
200 million tooth cavity restorations are placed each year in the U.S. [10]. Dental
composites are popular owing to their superior esthetics, direct-filling capabilities, and
significant improvements in adhesives [21, 23, 113]. However, secondary caries, the
primary reason for restoration failure, still limits the lifetime of composite restorations
[23]. Higher secondary caries rates associated with composite restorations were found to
be related to: polymerization shrinkage, fracture, the presence of microleakage at the

restoration-tooth interface, and accumulation of oral biofilm [116, 117, 137].
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Approximately 50% of all dental restorations fail within 10 years, and the management of
the failed restorations accounts for 50-70% of all operative procedures [31]. The annual
cost of tooth cavity restorations in the U.S. was about $46 billion in 2005 [34]. In
addition, the treatment of secondary caries and re-restoration results in further loss of
tooth structures [25]. Hence, it is desirable to improve the durability of composite
restorations by incorporating bioactive agents to prevent microbial adhesion and combat
secondary caries.

Quaternary ammonium methacrylates (QAMs) were copolymerized in dental
resins  for antibacterial  functions [59, 82-85]. Resins containing  12-
methacryloyloxydodecylpyridinium bromide (MDPB) were shown to possess strong
antibacterial properties [83]. Increasing the alkyl chain length (CL) of the ammonium
group of quaternary ammonium compounds increased the antibacterial potency [88].
Resins containing dimethylaminohexadecyl methacrylate (DMAHDM) with a chain
length of 16 was shown to exhibit strong antibacterial activities against several oral
pathogens and their biofilms [62, 89, 92, 93].

Other efforts to inhibit secondary caries involved the development of composite
surfaces with protein-repellent capability [138]. A protein-repellent monomer, 2-
methacryloyloxyethyl phosphorylcholine (MPC), is a methacrylate with a phospholipid
polar group in the side chain [64]. The excellent biocompatibility of MPC has led to
applications in therapeutic and diagnostic tools such as biosensors, drug-delivery
capsules, and biomedical implants [129]. MPC can reduce protein adsorption, bacterial
adhesion, and cellular attachment [64]. Recently, MPC was copolymerized with dental

resin-based materials, achieving a strong protein-repellency without compromising the
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mechanical properties; however, none of these restorative materials had calcium and
phosphate ion rechargeability [66, 92, 123].

The release of calcium (Ca) and phosphate (P) ions can induce the
remineralization of tooth lesions [32-37]. The incorporation of nanoparticles of
amorphous calcium phosphate (NACP) into dental resins allowed the release of these
ions especially during an acidic cariogenic challenge to facilitate acid-neutralization and
protection of tooth structures [66, 71]. The previous CaP composites exhibited short-
term Ca and P ion release that was diminished over time [71, 72, 75]. To overcome this
problem, a novel rechargeable NACP resin was developed to provide long-term Ca and P
ion release, showing the ability to be recharged with Ca and P ions for continuous re-
release [76, 77]. However, none of the rechargeable NACP composites contained MPC
and DMAHDM [77, 108]. Another study incorporated a protein-repellant agent into an
antibacterial NACP composite; nevertheless, there was no report on the Ca and P ion
release and rechargeability [66]. To date, there has been no report on the incorporation of
MPC and DMHAM into rechargeable NACP composite. An investigation is needed on
the effects of MPC and DMAHDM on the Ca and P ion recharge and re-release efficacy.

The objectives of this study were to: (1) develop a novel Ca and P ion-
rechargeable composite with protein-repellent properties and antibacterial activities; and
(2) investigate the combined effects of NACP, MPC and DMAHDM on mechanical
properties, protein adsorption, dental plaque microcosm biofilm response, and ion
recharge and re-release. It was hypothesized that: (1) The rechargeable NACP composite
containing MPC and DMAHDM would have good mechanical properties matching those

of commercial control composite; (2) Incorporating MPC and DHAHDM together into
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rechargeable NACP composite would achieve much greater antibacterial properties than
using MPC or DMAHDM alone; (3) Adding MPC and DMAHDM would not
compromise the Ca and P ion release and recharge; (4) Increasing the number of recharge
and re-release cycles would not decrease the ion release amount of the protein-repellent

and antibacterial composite.

4.2. Material and methods

4.2.1 Formulation of rechargeable NACPMPC+DMAHDM nanocomposites
Ethoxylated bisphenol A dimethacrylate (EBPADMA) (Esstech, Essington, PA, USA)
and pyromellitic glycerol dimethacrylate (PMGDM) (Esstech) were mixed at a mass ratio
of 1:1 (49.5% each). Then, 0.2% camphorquinone and 0.8% ethyl 4-N,N-
diethylaminobenzoate were added to enable light-cure activation [76]. This resin is
referred to as EBPM. The reason for selecting this resin was that previous studies
showed that this resin, when incorporating NACP, had excellent Ca and P ion recharge
and re-release [76, 77, 108]

MPC was obtained from Sigma-Aldrich (St Louis, MO, USA), which was
synthesized using a method described previously [64]. MPC is a methacrylate with a
phospholipid polar group in the side chain [64]. MPC was mixed with EBPM at a mass
fraction of MPC/(EBPM + MPC) = 10%, following a previous study [65].

A Menschutkin reaction method was used to synthesize DMAHDM, in which a
tertiary amine group was reacted with an organ-halide [108]. Briefly, 10 mmol of 2-
(dimethylamino)ethyl methacrylate (DMAEMA, Sigma-Aldrich) and 10 mmol of 1-

bromohexadecane (BHD, TCI America, Portland, OR, USA) were combined with 3 g of

73



ethanol in a 20 mL scintillation vial. The vial was stirred at 70 °C to react for 24 h. The
solvent was evaporated, yielding DMAHDM as a clear, colorless, and viscous liquid [62].
DMAHDM was mixed with the EBPM resin or the EBPM-MPC resin at a mass fraction
of 10%, following previous studies [62, 108].

NACP was synthesized using a spray-drying technique [71]. Briefly, calcium
carbonate and dicalcium phosphate anhydrous were dissolved in acetic acid to produce
Ca and P with concentrations of 8 mmol/L and 5.333 mmol/L, respectively, thus yielding
a Ca/P molar ratio of 1.5, the same as that for ACP [Ca,(PO,),]. A spray-drying machine
was used to spray this solution into a heated chamber. An electrostatic precipitator was
used to collect the dry NACP. This method produced NACP with a mean particle size of
116 nm [71]. Besides NACP, silanized barium boroaluminosilicate glass particles with an
average size of 1.4 um (Caulk/Dentsply, Milford, DE, USA) were used as a co-filler for
mechanical reinforcement. These fillers were incorporated into the resin at a total filler
mass fraction of 70%, including 20% NACP and 50% glass, which were readily mixed to
form a cohesive composite paste. Since the filler level was 70%, the resin matrix was
30%. Therefore, the resin matrix contained 10% MPC; when filled with 70% fillers, this
yielded a final MPC mass fraction of 3% in the composite. Similarly, the 10%
DMAHDM in the resin also yielded 3% final mass fraction in the composite.

In addition, a commercial nanocomposite (Heliomolar, Ivoclar, Ontario, Canada)
was used as comparative control. According to the manufacturer, Heliomolar contained
66.7% of nanofillers of 40-200 nm of silica and ytterbium-trifluoride with fluoride-
release, and it is indicated for Class I, II, III, IV and V restorations. Thus, five

composites were tested:
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[1].  Heliomolar (referred to as commercial control composite);

[2].  Rechargeable NACP composite: 20% NACP + 50% glass + 30% EBPM;

[3]. Rechargeable NACP+MPC composite: 20% NACP + 50% glass + 3% MPC +
27% EBPM;

[4]. Rechargeable NACP+DMAHDM composite: 20% NACP + 50% glass + 3%
DMAHDM + 27% EBPM.

[5].  Rechargeable NACP+MPC+DMAHDM composite: 20% NACP + 50% glass +

3% MPC + 3% DMAHDM + 24% EBPM.

4.2.2. Mechanical properties

A stainless steel mold of 2 x 2 x 25 mm was used to fabricate the specimens. Each
composite paste was placed into the mold, covered with Mylar strips and photocured
(Triad 2000, Dentsply, York, PA, USA) for 1 min on each open side. The irradiance of
this photocured machine was previously calculated to be 65 mW/cm® at the specimen
position [108]. After incubating at 37 °C for 24 h, flexural strength and elastic modulus
were tested using a three-point flexural test with a 10 mm span at a crosshead-speed of 1
mm/min on a computer-controlled Universal Testing Machine (5500R, MTS, Cary, NC,

USA) [71, 97]. Flexural strength was calculated as: S = 3P4x/L(2bh?), where Ppay is

the fracture load, L is the span, b is specimen width and h is thickness. Elastic modulus
was calculated as: E = (P/d)(L*/[4bh’]), where load P divided by displacement d is the

slope in the linear elastic region [71, 97].

4.2.3.Protein adsorptionmeasurement
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Each composite paste was filled into rounded Teflon molds of approximately 9 mm in
diameter and 2 mm in thickness. Specimens were covered with Mylar strips and
photocured in the same manner as described above. The purpose of using the Mylar strips
to cover the resin surfaces is to produce smooth and similar surfaces among all the groups
[139]. Then the disks were immersed in distilled water at 37 °C for 24 h [139]. A
microbicinchoninic acid (BCA) method was used to determine the amount of protein
adsorbed on the composite disks [92, 124, 125]. Each composite disk was immersed in
phosphate-buffered saline (PBS) for 2 h, followed by immersing in 4.5 g/L bovine serum
albumin (BSA) (Sigma-Aldrich) solution at 37 °C for 2 h [92, 124, 125]. The specimens
were rinsed with fresh PBS by stirring at a speed of 300 r/min for 5 min (Bellco Glass,
Vineland, NJ, USA), and they were immersed in 1% sodium dodecyl sulphate in PBS and
sonicated for 20 min to completely detach the BSA from the disk surfaces [92, 124, 125].
A protein analysis kit (micro bicinchoninic acid protein assay kit; Fisher Scientific,
Pittsburgh, PA, USA) was used to determine the BSA concentration in the sodium
dodecyl sulphate solution. Briefly, 25 mL of the sodium dodecyl sulphate solution was
mixed with 200 mL of the bicinchoninic acid reagent into the wells of a 96-well plate,
which was incubated at 60 °C for 30 min [92, 124, 125]. Then, the 96-well plate was
cooled to room temperature, and the absorbance at 562 nm was measured via a
microplate reader (SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA). Standard
curves were prepared using the BSA standard. The amount of protein adsorbed on the
disk surfaces was calculated from the concentration of the protein and the standard curves

[92, 124, 125].
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4.2 4. Salivacollectionand dental plaguemicrocosmbiofilm model

The same Teflon molds were used to fabricate composite disks for biofilm experiments.
The cured composite disks were immersed in 200 mL of distilled water and magnetically
stirred at 100 rpm for 1 h to remove any uncured monomers, following previous studies
[66, 93]. Sterilization of the composite disks was performed with ethylene oxide
(AnproleneAN 741, Andersen, Haw River, NC, USA), followed by de-gassing for 7 days.

The dental microcosm biofilm model was approved by the University of
Maryland Baltimore Institutional Review Board. This model used human saliva as
inoculum and has the advantage of providing the complexity and heterogeneity of the
microorganisms in vivo [99]. An equal volume of saliva was collected from ten healthy
donors having natural dentition without active caries, and not having used antibiotics
within the past 3 months. The donors were instructed to avoid tooth brushing for 24 h and
abstained from food and drink intake for 2 h prior to saliva donation. The saliva from the
ten donors was combined and diluted in sterile glycerol to a concentration of 70%, and
stored at -80 °C for subsequent use [99].

The saliva-glycerol solution was added, with 1:50 final dilution, into a McBain
artificial saliva growth medium as inoculum. This 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, KCIl, 0.2 g/L; CaCl,, 0.2 g/L; cysteine
hydrochloride, 0.1 g/L; hemin, 0.001 g/L; vitamin K,, 0.0002 g/L, at pH 7 [100]. 2% of
sucrose was added to this medium. Then, 1.5 mL of the inoculum was added to each well
of 24-well plates containing a composite disk on the well bottom. The samples were

incubated at 37 °C in 5% CO, for 8 h to grow the biofilms on the composite disks. Then,
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the disks were transferred to new 24-well plates with fresh medium and incubated for 16
h. Then, the disks were transferred to new 24-well plates with fresh medium and
incubated for another 24 h. This totaled 48 h of culture, which was previously shown to

form relatively mature dental plaque microcosm biofilms on dental resins [89, 92].

4.2.5.Live/dead staining of biofilms

The disks with 2-day biofilms were washed with phosphate-buffered saline (PBS) and
stained using the BacLight live/dead kit (Molecular Probes, Eugene, OR, USA) [89, 101].
A mixture of 2.5 uM SYTO 9 and 2.5 uM propidium iodide was used to stain each
sample for 15 min. The live bacteria were stained with SYTO9 to produce a green
fluorescence, and the bacteria with compromised membranes were stained with
propidium iodide to produce a red fluorescence. The disks were examined using an
inverted epifluorescence microscope (Eclipse TE2000-S, Nikon, Melville, NY, USA).
Six disks were evaluated for each group. Three randomly-chosen fields of view were

photographed from each disk, yielding 18 images for each composite.

4.2.6.MTT assay of metabolic activity of biofilms

Six separate disks per composite with 2-day biofilms were prepared. A colorimetric assay
was used that measures the enzymatic reduction of MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide), a yellow tetrazole, to formazan [89, 101]. The disks
were transferred to a new 24-well plate, and 1 mL of tetrazolium dye was added to each
well and incubated at 37 °C in 5% CO; for 1 h. Then the disks were transferred to a new

24-well plate, and 1 mL of dimethyl sulfoxide (DMSO) was added to dissolve the
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formazan crystals. The samples were incubated for 20 min with gentle stirring in the
dark. Then, 200 mL of the DMSO solution from each well was collected, and its
absorbance was measured via a microplate reader at 540 nm (SpectraMax M5). A greater
absorbance is related to a higher formazan concentration, which in turn indicates a greater

metabolic activity of the biofilm on the composite disk [101].

4.2.7.Lactic acid poduction by bioflms

Six separate disks with 2-day biofilms per group were transferred to 24-well plates
containing buffered-peptone water (BPW) plus 0.2% sucrose. To allow the biofilms to
produce acid, the 24-well plate was incubated for 3 h. The lactate concentrations in the
BPW solutions were determined using an enzymatic (lactate dehydrogenase) method, as
described in previous studies [62, 102]. Briefly, BPW solutions were collected from each
well and the absorbance was measured at 340 nm (optical density OD,,,) using the
microplate reader (SpectraMax). Standard curves were prepared using a lactic acid

standard (Supelco, Bellefonte, PA, USA) as described previously [62, 102].

4.2.8.Colony-forming unit (CFU) countsof biofilms

Disk with 2-day biofilms were transferred into tubes with 2 mL of CPW, and the biofilms
were harvested by sonication and vortex (Analog Vortex Mixer, Fisher Scientific,
Waltham, MA, USA) [89, 92]. Three different types of agar plates were evaluated. First,
tryptic soy blood agar culture plates were used to determine the total microorganisms
[100]. Second, mitis salivarius agar (MSA) plates containing 15% sucrose were used to

determine the total streptococci [103]. This MSA agar contains agents such as crystal
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violet, potassium tellurite and trypan blue, which inhibit most Gram-negative bacilli and
most Gram-positive bacteria except the streptococci, thus enabling the growth of the
streptococci [103]. Third, MSA agar plates with 0.2 units of bacitracin per mL were used
to determine the mutans streptococci [100]. The bacterial suspensions were serially
diluted and transferred into the agar plates to evaluate the microorganism colonies. The

agar plates were incubated at 37 °C in 5% CO, for 48 h. The number of colonies was

counted and used, along with the dilution factor, to calculate the CFU [89, 92].

4.29. Measurement of Ca and P ion release

To simulate a cariogenic condition, a sodium chloride (NaCl) solution (133 mmol/L) was
buffered to pH 4 with 50 mmol/L lactic acid [71, 73]. Three composite 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 mm’/mL. This was similar to a specimen volume per solution
ratio of about 3.0 mm’/mL in previous studies [104, 105]. The concentrations of Ca and
P ions released from the specimens were measured at 1, 3, 5, 7, 14, 21, 28, 35, 42, 49, 56,
63 and 70 days, following pervious studies [77, 108]. The aliquots were analyzed for Ca
and P ion concentrations via a spectrophotometric method (DMS-80 UV-visible, Varian,
Palo Alto, CA, USA) using known standards and calibration curves [104, 105]. Eight
specimens were tested for each group (n = 8). The measured ion releases are referred to

as “initial release” to differentiate from the recharge and re-release below.

4.2.10.Ca and P ion echargeandre-release
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After completion of the ion release for 70 days, the ion concentration had plateaued and
there was no additional ion release. Then, these specimens were immersed in a fresh pH 4
solution for an additional 7 days to ensure that the ion release was indeed exhausted [77,
108]. Then, ion recharge was performed for the exhausted specimens. The Ca ion
recharge solution consisted of 20 mmol/L CaCl, and 50 mmol/LL HEPES buffer. The P
ion recharge solution consisted of 12 mmol/L KHPO,4 and 50 mmol/L HEPES buffer. The
solutions were adjusted to pH 7 by the use of 1 mol/L KOH [77]. Four specimens of
approximately 2 x 2 x 12 mm were immersed in 5 mL of the calcium or phosphate
solution and gently stirred for 1 min on a mixing machine (Analog Vortex Mixer) at a
power level of 3. The motion was to simulate the action of using a mouthwash. Then the
specimens were rinsed with distilled water for 1 min to remove any ion deposits on
specimen surfaces. Following a previous study [107], the recharge was repeated three
times at 9:00 am, 1:00 pm and 5:00 pm for one day, for a total of 3 min of recharge. The
measurement for ion re-release was started the next day. The recharged specimens were
placed in a 50 mL NacCl solution at pH 4 to measure the Ca and P ion re-releases at 1, 2,
3,5,9, 11 and 14 days without any additional recharge [108]; this constituted one cycle
of recharge and re-release. Then the specimens were recharged again and the ion re-
release was measured again for 14 days, as cycle 2. Three cycles were tested in this
study. Furthermore, after the third cycle, the specimens without further recharge were
placed in 50 mL of fresh NaCl solution at pH 4 and the measurement of Ca and P ion re-
release was continued for an additional 28 days for a total of 42 days. The purpose of this
was to determine how long the specimens could further release Ca and P ions without any

additional recharge [77].
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4.2.11 Statistical analysis

One-way and two-way analyses of variance (ANOVA) and Tukey’s multiple comparison
tests were performed to detect the significant effects of the variables in the mechanical
properties, protein adsorption on the composite, antibacterial effects, Ca and P initial ion
release and recharge and re-release. All the statistical analyses were performed by SPSS

22.0 software (SPSS, Chicago, IL, USA) at an alpha of 0.05.

4.3. Results

Fig. 1 plots (A) the flexural strength and (B) elastic modulus of the five composites
(mean + sd; n = 8). All the composites had comparable flexural strength and elastic
modulus values (p > 0.1). Adding 3% MPC or 3% DMAHDM alone or combined into the
composite did not significantly affect the flexure strength and elastic modulus, compared
to the controls (p > 0.1). These results demonstrated that the rechargeable
NACP+MPC+DMAHDM composite with 3% MPC, 3% DMAHDM and 20% NACP
had mechanical properties matching those of Heliomolar.

Protein adsorption on composites is plotted in Fig. 2A (mean =+ sd; n = 6). Adding
3% DMAHDM in the composite had no effect on protein adsorption (p > 0.1). Adding
MPC substantially decreased the protein adsorption (p < 0.05). Representative live/dead
images of 2-day biofilms on composites are shown in Fig. 2B-E. Live bacteria were
stained green, and dead bacteria were stained red. All disks of the commercial control
composite were fully covered by live bacteria. The rechargeable NACP composite had

biofilms similar to (A) and was not included here to avoid redundancy. The rechargeable
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NACP+MPC composite had less bacteria than composites without MPC. The
rechargeable NACP+DMAHDM composite was covered by dead bacteria. The
rechargeable NACP+MPC+DMAHDM composite had less bacterial attachment, and the

bacteria were mostly compromised.
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Fig. 4.1. Mechanical properties of composites: (A) Flexural strength, and (B) elastic modulus
(mean = sd; n = 8). Adding MPC and DMAHDM did not significantly affect the flexural strength
and elastic modulus (p > 0.1). All the rechargeable NACP composites matched the mechanical
properties of the commercial control composite (p > 0.1) [140].
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Fig. 4.2. Protein adsorption and biofilm growth on composites: (A) Protein adsorption on
composites (mean + sd; n = 6), (B-E) representative live/dead staining images of 2-day biofilms
on composites. The live bacteria were stained green, and the dead bacteria were stained red.
Composites without MPC and DMAHDM were covered by live bacteria. Adding MPC into
NACP composite reduced bacterial attachment. The NACP+MPC+DMAHDM composite had the
least biofilms, and the bacteria were mostly dead [140].
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Biofilm viability is plotted in Fig. 3: (A) MTT metabolic activity, and (B) bioflim
lactic acid production (mean £ sd; n = 6). Adding MPC or DMAHDM each alone
decreased the metabolic activity and lactic acid production (p < 0.05). Combining MPC
with DMAHDM led to the least lactic acid production and metabolic activity for the

biofilms (p < 0.05).
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Fig. 4.3. Viability of 2-day biofilms on composite disks. (A) Biofilm metabolic activity, (B) lactic
acid production (mean + sd; n = 6). The rechargeable NACP+MPC+DMAHDM had the least
lactic acid production and metabolic activity (p < 0.05) [140].
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The CFU counts of 2-day biofilms on composites are plotted in Fig. 4 (mean =+ sd;
n = 6): (A) Total microorganisms, (B) total streptococci, and (C) mutans streptococci. All
three CFU counts on the rechargeable NACP+MPC disks were about 1 order of
magnitude less than the controls (p < 0.05). The CFU counts on the rechargeable
NACP+DMAHDM disks were about 2 orders of magnitude less than the controls (p <
0.05). The rechargeable NACP+MPC+DMAHDM composite had the lowest CFU

counts, which was more than 3 orders of magnitude less than the controls (p < 0.05).
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Fig. 4.4. Colony-forming units (CFU) of 2-day biofilm on composites. (A) Total microorganisms,
(B) total streptococci, and (C) mutants streptococci (mean =+ sd; n = 6). All three CFU counts on
the rechargeable NACP+MPC disks were about 1 order of magnitude less than the controls (p <
0.05). The CFU counts on NACP+DMAHDM were about 2 orders of magnitude less than the
controls (p < 0.05). NACP+MPC+DMAHDM had the lowest CFU counts, which was more than
3 orders of magnitude less than the controls (p < 0.05) [140].
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The initial Ca and P ion releases from composites are plotted in Fig. 5 (mean =+ sd;

n = 8): (A) Ca ion release, and (B) P ion release. The ion releases were generally quite

similar among the four groups containing the same 20% NACP.
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The results on the three cycles of ion recharge and re-release results are plotted in
Fig. 6. The four groups had nearly the same recharge efficacy and re-release ion
concentrations. There was no reduction in ion re-release from cycle 1 to 3, indicating the
potential for long-term ion release. These results demonstrated that the addition of MPC
and DMAHDM in the rechargeable NACP composite did not adversely affect the initial
ion release as well as the ion recharge and re-release.

After the completion of the third recharge and re-release cycle, the ion re-release
without any further recharge was measured for up to 42 days, and the results are plotted
in Fig. 7. The ion release showed a continuously increasing trend with increasing time
from 1 to 42 days, although the curves started to plateau after 21 days. These results
demonstrate that the specimens, after one recharge, could continuously release ions for at

least 21 days, and adding MPC and DMAHDM did not compromise the ion re-release.
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Fig. 4.6. Calcium and phosphate ion recharge and re-release from composites. (A) Calcium ion
release, and (B) phosphate ion release (mean + sd; n = 4). Three cycles of recharge and re-release
were tested for each composite [140].
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Fig. 4.7. After the third cycle of calcium and phosphate ion recharge and re-release, the
composite specimens were tested for continuous ion release, without any further recharge, for up
to 42 days. (A) Calcium ion release, and (B) phosphate ion release (mean + sd; n = 4) [140].
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4.4. Discussion

In the present study, a novel composite was developed with protein-repellent,
antibacterial and Ca and P ion recharge and re-release capabilities. The hypotheses were
proven that adding MPC and DMAHDM into the rechargeable NACP composite did not
adversely alter the mechanical properties, which matched those of a commercial
composite. The incorporation of MPC and DMAHDM did not adversely affect the Ca
and P ion release and rechargeability. Combining MPC and DMAHDM into the
rechargeable NACP composite yielded the lowest biofilm metabolic activity and lactic
acid production, and reduced the CFU by more than 3 logs.

To combat secondary caries, researchers have developed restorative materials that
can release remineralizing agents. Fluoride-releasing materials such as glass ionomers,
resin-modified glass ionomers, compomers, and composites have demonstrated the
release of fluoride to facilitate remineralization [141]. Nevertheless, the inferior
mechanical properties of glass-ionomer and resin-modified glass-ionomer materials have
limited their use [141]. Fluoride-releasing composites offered stronger mechanical
properties [70]. In general, the rate of fluoride release exhibited a rapid initial release that
decreased with time. Another approach for remineralization used resins that released Ca
and P ions. The incorporation of NACP into composite obtained several advantages due
to their small size and high surface area and the capability to release Ca and P ions
especially at lower pH when the ions were most needed to inhibit caries [71-74]. Previous
studies incorporated CaP particles of 1-55 um in sizes into resins [104]. The mean size of
NACP of 116 nm was much smaller, yielding much more ion release and stronger

mechanical properties [141, 142]. To have long-term and durable Ca and P ion release,
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rechargeable Ca and P dental resins were developed for the first time [76, 77, 108].
Furtherore, NACP composite had the ability to neutralize acid attacks and increased the
pH from the cariogenic or danger zone (e.g., pH 4) to the safe zone (e.g., pH 6) [66].
NACP composite decreased secondary caries in enamel in a human in situstudy [73], and
showed the ability to remineralize enamel lesions in vitro that was 4-fold that of a
commercial fluoride-releasing composite [72]. In addition, a recent study demonstrated
the ability of NACP composite to remineralize the demineralized dentin in the presence
of acid challenge [74].

The novel NACP+MPC+DMAHDM composite had prolonged re-releases of Ca
and P ions after one recharge cycle. It exhibited no reduction in ion re-release with
increasing the number of recharge cycles. Besides, the rechargeable NACP+MPC
composite showed a higher Ca and P initial ion release compared to other rechargeable
composites; this was likely due to the hydrophilicity of MPC, which permitted higher
water-intake from the immersion solution resulting in greater ion release. After each
recharge, all the tested groups had Ca ion re-release of approximately 0.97-1.00 mmol/L,
and P ion re-release of 0.20-0.22 mmol/L. A previous study showed Ca ion release of
0.30 mmol/L and phosphate ion release of 0.05 mmol/L, which was demonstrated to
achieve effective remineralization of tooth lesions [75]. Therefore, the new rechargeable
NACP+MPC+DMAHDM composite with ion releases being 3-4 folds those of the
previous study are expected to induce effective remineralization of tooth lesions.

Micro- and nano-fillers of silver, zinc oxide, titanium oxide, and copper oxide
were incorporated into composites for antibacterial properties [55]. Their drawback is

that these agents have released-based and short-term antibacterial activities [25]. QAMs
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can be copolymerized with the resin, hence the antibacterial agent is immobilized in the
resin matrix to offer long-term antibacterial affects [55, 82, 83]. The mode of
antibacterial action of QAMs is suggested to be contact-inhibition [59, 60]. When the
negatively-charged bacterial cell contacts the positively-charged site of QAMs, the
electric balance of the cell membrane could be disturbed by changing the surface
electrostatic balance or membrane permeability, leading to bacterial cell death [59, 60].
Previous investigations found that the long alkyl chain length of 16 had a strong impact
on the antibacterial efficiency [89]. The long alkyl chain length could increase its
hydrophobicity, thereby improving its ability to penetrate the hydrophobic bacterial
membrane [143].

Another strategy for preventing the bacterial accumulation and development of
secondary dental caries is to repel microbial adhesion [128]. MPC is a methacrylate with
a phospholipid polar group in the side chain and is a common biocompatible and
hydrophilic biomedical polymer [64]. Regarding the protein-repellent mechanism, in the
hydrated MPC polymer, there is an abundance of free water but no bound water. The
bound water could result in protein adsorption, and the free water around the
phosphorylcholine groups could detach proteins, resulting in repelling protein adsorption
[64]. Salivary proteins on the composite surfaces could decrease the “contact-inhibition”
efficacy of QAMs [60]. By combining MPC with DMAHDM, the MPC would repel
protein adsorption on the composite, and therefore expose the composite surface with
more direct resin-bacteria contact, thereby increasing the “contact-inhibition” efficacy of

DMAHDM. Indeed, the present study demonstrated that combining MPC with
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DMAHDM remarkably reduced the biofilm viability, metabolic activity, lactic acid
production and CFU, compared to using each agent alone.

Mechanical properties are required for load-bearing composite restorations. The
present study showed that adding 3% MPC + 3% DMHADM to the NACP composite did
not adversely alter the mechanical properties. This was likely because the rechargeable
NACP composites contained 50% glass particles as reinforcement fillers [133]. The
commercial control composite, Heliomolar, is indicated for Class I, II, III, IV and V
restorations, according to the manufacturer. Therefore, the new NACP+MPC+DHAHDM
composite with mechanical properties matching those of Heliomolar may also be suitable
for these applications, with the additional benefits of protein-repellent and antibacterial
properties and Ca and P ion rechargeability. Regarding the longevity, both MPC and
DMAHDM are covalently bonded and immobilized in the resin matrix; they would not
be released over time and their effects are expected to be durable [144]. The Ca and P ion
recharge would also enable the ion release and remineralization property to be durable.

Although a microgap of 30 um at the tooth-restoration interface is considered
clinically acceptable, this space is more than enough for a bacteria, with a size of about 1
um, to penetrate and grow [145]. This bacterial invasion may lead to discoloration at
restoration margins, mechanical defect formation, enamel and dentin demineralization,
secondary caries at the tooth-restoration interface, hypersensitivity and development of
pulpal pathology [145]. Additionally, there is evidence that bacterial accumulation on the
composite surfaces contribute to the chemical and mechanical degradation of the
composite [117]. Furthermore, the acid production from cariogenic bacteria can cause

surface swelling of the composite, which increases the surface roughness, which in turn
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creates further bacterial attachment [135]. Therefore, the addition of MPC and
DMAHDM into the rechargeable NACP composite can increase the durability of
composite restorations through Ca and P ion release for remineralization and acid
neutralization to protect the tooth structures, and through the reduction of biofilms
thereby protecting the composite mechanical properties and surface integrity.

Regarding potential clinical applications, this new composite with durable
antibacterial and protein-repellent properties may be useful in minimally invasive
dentistry. Minimally invasive dentistry preserves more tooth structures, but more affected
and infected tissues may be left behind with residual bacteria and remnants of tooth
lesions. Hence, the antibacterial and remineralization composite would be beneficial.
Another application of the new composite may be for patients with xerostomia, in which
the buffering capability of saliva is compromised, and the individual's risk for secondary
caries would increase due to reduced saliva quantity and qualities [145]. Therefore, the
new composite with Ca and P ions and acid-neutralization capability would help protect
the tooth structures. In addition, 80-90% of secondary caries lesions are founded in
gingival margins [146]. This may be a result of the difficulty in performing good oral
hygiene and dental plaque removal. To address this problem, this new composite could
be recommended for tooth root restorations. While the caries prevalence was decreased
markedly in children and young adult recently, the overall risk for caries in older age
group (70 years of age and older) has increased [147]. As more seniors retain their teeth,
there will be a strong need for new bioactive composites that can repel proteins, inhibit

biofilms, and release and recharge Ca and P ions for remineralization. Additional studies
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are needed to investigate the application of this new bioactive and therapeutic composite

for various dental applications.
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CHAPTER FIVE:

SUMMARY AND CONCLUSION

Due to the complexity of dental caries as diseases, a merged variety of treatment
approaches through the incorporation of bioactive agents of different therapeutic effect
into composite restoration has been of particular interest targeting the inhibition of
secondary caries. The goal of this dissertation was to investigate the hypothesis that
incorporation of one of the novel anti-caries agents alone or combined into the
rechargeable NACP nanocomposite would not compromise the Ca and P ion release and
rechargeability; substantial anti-caries properties can be achieved for the first time
without compromising the mechanical properties. The major contributions of this thesis
(Chapter two, three and four) are summarized in the following paragraphs.

The incorporation of an antibacterial agent is one of the methods to reduce
secondary caries and increase the longevity of the composite restoration. Therefore, in
chapter two, a novel calcium phosphate rechargeable antibacterial nanocomposite was
developed and demonstrated for the first time that the addition of DMAHDM as an
antibacterial monomer into the rechargeable composite did not adversely affect the
mechanical and ion recharge properties while achieving potent antibacterial functions.
Our data showed that all rechargeable composites had similarly high levels of Ca and P
ion release, recharge and re-release, which did not decrease with increasing the number
of recharge and re-release cycles. Also, their mechanical properties matched those of a
commercial control composite. Furthermore, the antibacterial rechargeable NACP

composite showed strong antibacterial properties by greatly reducing biofilm formation,
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metabolic activity, lactic acid production, and CFU by 3-4 logs. The antibacterial
rechargeable composite is promising to inhibit caries by remineralizing tooth structures,
neutralizing biofilm acids and suppressing biofilm and plaque formation.

Another approach to fight secondary caries through the developments of
composite posses protein-repellent activity was investigated in chapter three. Thus, a
novel CaP rechargeable nanocomposite with protein-repellent ability was developed. Our
data demonstrated for the first time that the addition of MPC did not adversely affect the
mechanical and ion recharge properties while achieving potent protein-repellent and
biofilm-suppression functions. The rechargeable composites had high levels of Ca and P
ion release, recharge and re-release, which did not decrease with increasing the number
of re-release cycles. These results indicated the long-term ion release and durable
remineralization that was not compromised by the addition of MPC. In addition, the
mechanical properties matched those of a commercial composite. Moreover, the
rechargeable NACP composite containing MPC greatly reduced protein adsorption,
reduced biofilm formation, metabolic activity, and lactic acid production, and decreased
biofilm CFU by nearly 2 logs. We can conclude that the rechargeable NACP composite
containing MPC is promising to inhibit secondary caries by providing long-term protein-
repellent and ion recharge capabilities to remineralize tooth structures, neutralize acids
and inhibit biofilm accumulation.

In chapter four, we developed a multifunctional calcium phosphate rechargeable
nanocomposite to combat secondary caries by combining NACP for remineralization and
acid neutralization, MPC for protein-repellent ability, and DMAHDM for antibacterial

potency for the first time. Our results demonstrated that the mechanical properties of the
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rechargeable NACP+MPC+DMAHDM were similar to those of the commercial control
composite. Furthermore, the incorporation of MPC greatly reduced protein adsorption by
1/5 of the composites without MPC. Also, the rechargeable NACP+MPC+DMAHDM
composite had the least amount of biofilm metabolic activity, lactic acid production, and
reduced biofilm CFU counts by more than 3 logs. As well, we achieved a similar level of
Ca and P ion release, recharge and re-release. Also, the release was maintained at the
same level with increasing number of recharge cycles. Therefore, this novel composite is
promising to inhibit secondary caries with durable properties.

We can conclude that the method of incorporating triple agents NACP as a
remineralizing and acid neutralizing agent, MPC as a protein- repellent agent, and
DMAHDM as an antibacterial agent showed promising durable anti-caries properties.
The novel nanocomposite may be applicable to a wide range of dental restoration,
bonding agents, cements, and sealants for anti-caries abilities. Nevertheless, future
studies are needed to evaluate the performance of these materials in different challenge
situations such as thermocycling, pH cycling, and cyclic fatigue loading hence these
conditions are somehow can represent the oral environment. In Addition, more researches
into the longevity of these novel composites are needed to evaluate the durability under in

ViVO circumstances.
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