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Abstract: Dental caries (decay) is caused by pathogenic bacterial species, which afflicts nearly a
third of the world’s population from early childhood to old age. Treatment of tooth decay often
involves the use of filling materials to restore the cavity; however, if untreated, it can cause pain,
infection and eventually lead to tooth loss. Since the oral environment is colonised by many different
microorganisms, bacterial biofilms can form on these filling materials, contributing to secondary
caries that can eventually lead to the failure of the dental restoration. Thus, preventing the formation
of bacterial biofilms is an important strategy in the management of caries, which has led to research
enabling antimicrobial capabilities in dental materials. Materials and pharmaceutical sciences are
in a continuous race against microbial resistance but are trying to balance between beneficial biota
associated with the oral cavity, and, of course, avoiding a harmful effect on tissues is challenging.
This has, therefore, stemmed a substantial interest in both preventive and restorative measures that
would enable limiting the formation of secondary caries, oral microbial biofilms, and the retention of
tooth mineral. Thus, innovative strategies are being explored and here we present a review with a
focus on strategies that can inhibit or limit the formation of bacterial biofilms.

Keywords: antibacterial monomers; dental materials; bactericidal; dentistry

1. Introduction

Antimicrobial resistance (AMR) is now recognized as a global burden by the World
Health Organization [1]. AMR occurs when microorganisms such as bacteria, fungi,
viruses, and parasites evolve because of exposure to antimicrobial drugs. Consequently,
the antimicrobial drugs become ineffective and infections persist in the body, increasing
the risk of spread to others, thereby threatening our ability to treat common infectious
diseases [2]. It is estimated that AMR could cause 10 million deaths per year by the year
2050 and 300 million people are expected to die prematurely because of drug resistance
over the next 35 years and the world’s GDP will be 2 to 3.5% lower than it otherwise would
be in 2050 [3]. These statistics are alarming and clearly emphasize the importance of not
only treating infections, but also reducing, controlling, and finding alternative solutions.

The major challenges associated with AMR can be attributed to the lack of new classes
of antibiotics reaching the market since 1987 [4]. Today, there are very few novel antibi-
otics in advanced stages of drug development, especially against the most troublesome
pathogens, resistant Gram-negative bacteria. Moreover, no single antibiotic can provide a
solution, as multi-drug-resistant bacteria have emerged around the world, and different
bacterial infections require different antibiotics, with the development of resistance making
constant innovation necessary [5]. The absence of efficient and low-cost rapid diagnostics
is also an obstacle, as uncertainty about the cause of infection drives the inappropriate

Appl. Sci. 2021, 11, 3279. https:/ /doi.org/10.3390/app11073279

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-6334-6736
https://doi.org/10.3390/app11073279
https://doi.org/10.3390/app11073279
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11073279
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/11/7/3279?type=check_update&version=1

Appl. Sci. 2021, 11, 3279

20f19

use of antibiotics. Furthermore, resistant bacteria do not respect international borders,
especially in the current interconnected world of trade and travel. Resistance originating in
one place can spread rapidly worldwide, in some cases in a matter of weeks. Travelers to
areas with high AMR prevalence are likely to be exposed to resistant bacteria and return to
their countries colonised. This means that misuse of antibiotics anywhere in the world is
enough to overturn achievements in containing resistance elsewhere [6].

2. Antimicrobials Used in Dentistry

The oral cavity encounters a host of microorganisms that cause biofilms to form,
leading to plaque formation that subsequently results in tooth decay. Dental caries is a
highly prevalent non-communicable disease that occurs when plaque-associated bacteria
generate acid that causes damage to tooth tissue. Active dental caries irreversibly damage
and eventually kill teeth; hence, combatting this disease has been one of the priorities in
improving global oral health. Despite significant measures being implemented that range
from preventive to restorative procedures, this disease continues to affect approximately
a third of the world’s population [7]. To prevent dental caries, it is vital to control the
formation of oral microbial biofilms, and for dental restorations specifically it is important
that it not only resists biofilm formation but is able to maintain tooth mineral and/or
promote mineralisation [8]. Advances in the field of biomaterials have led to excellent
materials that are clinically used to repair and restore the function of tooth tissue due to loss
or disease. Among others, natural polymers such as chitosan, peptides and some biobased
polyesters show promising potential for the reconstruction of damaged or lost tissue, espe-
cially when infections impair their regenerative processes [9]. However, the propensity of
the formation of biofilms in the oral environment necessitates designing synthetic materials
with complex functionalities such as antimicrobial and remineralising capacities. Since
dental caries have been recognized as a disease induced by cariogenic bacteria, significant
research has focused on developing restorative systems possessing antibacterial properties
in dental materials science. Thus, controlling bacterial contamination around and beneath
restorations is expected to decrease the risk of further demineralisation and cavitation
and help prevent forming secondary caries [10,11]. Many different approaches have been
investigated to minimise the burden of the effects of oral biofilms, such as preventive
measures including antibacterial agents in restorative systems, polymeric materials with
antibacterial properties and their release.

Preventive measures to improve general oral health that are commercially available
range from fluoride-containing toothpastes, dentifrices and mouthwashes with antibacte-
rial agents [12]. However, there are many different polymeric systems used in dentistry for
the restoration of teeth that are affected by caries; therefore, significant research has focused
on rendering these with antibacterial properties. Dental resin composite restorations are
the most widely used restorative materials and are bonded to teeth using adhesive systems.
The tooth tissue is prepared using an acid that demineralises it to render a porous structure
that enables the interlocking of the resin either in the enamel etched pits or the exposed
collagen lattice in dentine. The adhesive systems typically comprise photopolymerisable
methacrylate monomers that are used following the preparation of the tooth surface. One
of the main reasons for failure is the breakdown of the tooth-restorative adhesive interface,
which can occur due to the hydrolytic cleavage of the bond, collagenolytic activity that
destabilises the bond and ingress of salivary enzymes and microorganisms in micro-gaps
formed at the interface leading to the formation of secondary caries due to bacterial activ-
ity [13-15]. Hence, research and clinical applications have focused on developing dental
composites and adhesive systems that can reduce both recurrent caries and degradation
of the adhesive interface [16,17]. However, if the carious lesion is left untreated or the
restoration of choice is unable to provide an effective seal against further bacterial ingress,
the infection can persist to involve the dental pulp and the tooth’s root canal system.

Root canal treatment involves the removal of an infected root canal through procedures
such as mechanical debridement or disinfection through chemical treatments such as
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irrigation with sodium hypochlorite that can subsequently be hermetically sealed with
appropriate filling materials. The preparation of the root canal is important and the
complete removal of bacterial species from the canal is a vital step towards minimising
reinfection and current approaches consider that antimicrobial agents introduced during
the root canal preparation can facilitate the removal of residual bacteria within this complex
anatomical area [18,19]. This review highlights the current antimicrobials and research
in the field of dentistry, especially as the direct depot release of antibacterial agents from
restorative materials is not effective in the long term and, in addition, some additives can
be detrimental to the properties of the restoratives and to the tooth tissue.

2.1. Chlorhexidine

Chlorhexidine (CHX) is a cationic compound with broad-spectrum antibacterial activ-
ity (Figure 1). It causes disruption of cellular membranes and has been used successfully
as an antimicrobial agent in dentistry for the management of oral biofilms [20-22]. It is
a key component in oral formulations such as mouthwashes and oral gels that can be
used topically in the management of oral biofilms. Combining CHX in polymeric matrices
have been attempted for sustained delivery specifically in polyalkenoate cements, com-
monly known as glass ionomer cements (GIC) that contain water soluble polymers such
as poly (acrylic acid), poly (maleic) and poly(itaconic acid), which undergo an acid-base
reaction to yield a cement. Although incorporation of CHX in GIC enables better protec-
tion against caries, it results in cements with inferior mechanical properties that exhibit
a less than optimal period of sustained release [22,23]. Other derivatives of CHX such as
CHX diacetate and chloride have also been incorporated in GICs; however, using CHX
diacetate exhibits release over a few days, whilst a very rapid release occurs with CHX
chloride. Barbour et al. [24] reported a CHX hexametaphosphate salt that exhibited lower
solubility, and laboratory studies showed that incorporation and release from GICs could
be sustained over 48 months [23], this being dependent on dose. This compound was also
explored for release from elastomeric ligatures [25] used in orthodontic treatments, and
the experimental results showed that functionalisation of these elastomeric polymers with
CHX hexametaphosphate under controlled conditions did not have detrimental effects
on the mechanical properties; however, further work will be required to ascertain its ap-
propriate function. Although there is clear evidence that CHX is effective for the control
of specific conditions such as controlling plaque and gingivitis [26,27], it is important to
consider antimicrobial resistance and adverse reactions when designing drug delivery
systems despite the fact that controlled release from polymeric systems is potentially more
efficacious, especially for targeted release.

NH
H H
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Figure 1. Chemical structure of chlorhexidine (CHX), a cationic compound with broad-spectrum antibacterial activity.

Apart from its antimicrobial activity, CHX has been shown to inhibit the activity of
matrix metalloproteinases (MMPs) 2, 8 and 9 as well as cysteine cathepsins (CPs) [28,29].
At concentrations as low as 0.2%, CHX has been reported to preserve the collagen matrix
in hybrid layers and reduce the degradation of resin—dentine bonds [30,31]. Since MMPs
depend on calcium to maintain their tertiary structure and zinc to perform their catalytic
activity [32,33], it is hypothesized that CHX acts by inhibiting the binding of calcium and
zinc ions to the MMPs, thereby reducing their catalytic activity [34]. Since establishing the
role of CHX as an efficient enzyme inhibitor, several efforts have been made to incorporate
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it into the components of dental adhesive systems [35,36]. However, since the binding of
the cationic CHX to the anionic sites in mineralised and demineralised dentine (phosphate
group in hydroxyapatite and carboxyl group in collagen) is electrostatic, this is found to
be reversible within 18 months [37,38]. Deterioration is further accelerated when “wet
bonding” is performed with etch-and-rinse adhesives or hydrophilic self-etch adhesives,
as CHX may leach out due to the hydrolytic medium created by the incompletely removed
water [39].

2.2. Quaternary Salts

Quaternary ammonium compounds (QACs) form a group of cationic antimicrobials
that possess a positively charged head with a hydrophobic tail, which is usually a chain
of alkyl groups, and the number of units governs the hydrophobicity of the molecule [40].
Although the mechanism of the antibacterial activity of these molecules is not clearly
understood, it is broadly associated with the adsorption of QACs on the bacterial cell wall
that then penetrates it, leading to the disruption of the cell structure, eventually causing
disorganisation of the cells [41]. Since monomers with quaternary ammonium salts are not
dependent on the release of an active agent to impart antibacterial activity, these systems
are considerably more efficacious than systems that rely on the release of an active agent.
Thus, employing QACs in dental materials to inhibit microbial activity led to polymerisable
quaternary ammonium methacrylates, as integrating methacrylates into these compounds
seemed to improve their efficiency, and this efficacy was directly related to the alkyl chain
length of the quaternary ammonium groups [40]. 12-methacryloyloxydodecylpyridinium
bromide [42], an analogue of cetylpyridinium chloride, methacryloxylethyl cetyl dimethyl
ammonium chloride, and poly(2-methyloxazoline) [43] are some examples of monomeric
methacrylates with pendant quaternary ammonium salt species that have been incorpo-
rated in dental composite/adhesive systems to impart intrinsic antibacterial properties
in dental composite restorations. Furthermore, improved antimicrobial performance has
been reported by combining two quaternary ammonium groups with one polymerisable
group [44], and by crosslinking the antimicrobial monomers through two polymerisable
groups [45]. QACs have since been incorporated into various dental materials, including
composite resins [37,38,46,47], adhesive systems [39-41,48-50], acrylic resins [50], and bone
cements [51], that have demonstrated effective antimicrobial properties. Among these
tested compounds, the polymerisable QAC, 12-methacryloyloxydodecylpyridinium bro-
mide (MDPB), well known for its potent antimicrobial activity, has been incorporated into a
commercially available adhesive system. Although MDPB has demonstrated a good ability
to inhibit MMP activity [52] as well as the preservation of bond strengths for up to one
year [53], some studies report overall lower bond strengths compared to other adhesive
systems [54,55].

2.3. Tetracyclines

Antibiotics are commonly prescribed by dentists to either prevent infection or to treat
infections, which also adds to the burden of antibiotic resistance. Most antibiotics are
prescribed for systemic use; however, local delivery of tetracyclines as an antimicrobial
and cationic chelating agent has been explored. Tetracyclines, a family of broad-spectrum
antibiotics with cationic chelating properties, have shown collagenase- and gelatinase-
inhibiting properties [56-58]. In addition to their antimicrobial activity, tetracyclines can
chelate the catalytic zinc ions found within MMP enzymes [59,60]. Of the tetracyclines
and their semi-synthetic analogues doxycycline and minocycline, doxycycline is the most
potent, due to its greater affinity for zinc ions, which led to the incorporation of this
antibiotic into restorative materials [61,62]. Although results demonstrated successful
antibiofilm effects, bacterial resistance against tetracyclines is common, and due to their
photo-oxidative potential, tetracyclines can cause purple staining of teeth, limiting their
use clinically [57,63]. However, their anti-inflammatory, antibacterial, anticollagenase, and
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immunosuppressive properties have seen the use of doxycyclines in bone scaffolds to
promote bone growth and reduce peri-implantitis [64,65].

2.4. Antibacterial Monomers in Dental Restorative Systems

Dental adhesive systems that exhibit intrinsic antibacterial properties are not reliant on
the release of any antibacterial agents and either function through contact killing as in the
case of quaternary ammonium salts or the presence of charged species [66-70]. There are a
few QACs that have been investigated in experimental adhesive formulations (Section 2.2);
however, the balance of bactericidal effects and properties of the polymerised systems
needs further evaluation. Another approach, which has shown promising results but so far
is limited to laboratory evaluation, is utilising (meth-)acrylate derivatives of molecules such
as eugenol or N,N-dimethylammonium derivatives that have an established bactericidal
effect and has been used as polymer therapeutics in dental applications (Figure 2) [71].

R,= —H, —CH, o
R,= —N(CH,).N(CH,),CT ; —O[2-MeO—Ph]CH=CH,

Figure 2. Chemical structure of (meth)acrylate (R;) monomers bearing antibacterial pendant

groups (Ry).

A number of methacrylate derivatives based on mono, di and polysaccharide methacry-
late monomers synthesised from glucose, sucrose and chitosan, respectively, with glycidyl
methacrylate added to dental adhesive formulations have been reported to exhibit promis-
ing antibacterial action [72,73], with the sucrose-methacrylate derivative outperforming
the others [74]. A decrease in bacterial metabolism was reported with sucrose-methacrylate
that exhibited low toxicity and increased the bond strength after 6 months of storage.
More recently, 5-(methacryloxy-2-ethoxyaminocarbonyl)methyl-thiazole (MEMT) [75] and
ester-free quaternary ammonium monomers based on methacrylamides with side alkyl
chain lengths of 9 or 14 carbons have been reported with antimicrobial properties [76] for
potential use in dentistry. The antibacterial activity of MEMT-containing polymers was
mainly associated with the release of unreacted monomer and surface adhesion on the
immobilised MEMT units. Similarly, the methacrylamides exhibited their antimicrobial
activity by virtue of the charge due to quaternary ammonium species. Another approach
has also been recently reported that applies a dual strategy of bacterial gene modification
with dimethyl amino hexadecyl methacrylate as an antibacterial monomer [77]. These
systems have the potential to imbibe antimicrobial properties in dental materials; however,
the following section focuses specifically on intrinsically antibacterial methacrylate deriva-
tives of eugenol, which form comonomers in dental formulations that exhibit promising
potential for imbibing antimicrobial properties.

2.4.1. Eugenol and Eugenyl Methacrylate

Eugenol (4-allyl-2-methoxyphenol), a member of the allylbenzene class of chemical
compounds, is a major constituent (72-90%) of the essential oil extracted from cloves.
Cloves are the flower buds found on the tree in the family Myrtaceae, Syzygium aromaticum.
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Eugenol possesses analgesic, anti-inflammatory, antifungal and antibacterial activity. It
has been used in dentistry since the 19th century due to its ability to relieve pain in irri-
tated or diseased tooth pulp. Currently, it is available as a pulp capping agent, root canal
sealer and temporary filling material in combination with zinc oxide in the form of zinc
oxide eugenol (ZOE). Eugenol inhibits the growth of several microorganisms, including
facultative anaerobes commonly isolated from infected root canals, and produces a sooth-
ing effect on the pulp [78]. However, unreacted eugenol in ZOE cements may produce
tissue irritation and induce an inflammatory reaction in the oral mucous membranes. An-
other drawback of ZOE cements is their weak mechanical properties, as demonstrated
by their low strength, poor resistance to abrasion, and disintegration in the oral cavity
with time [79,80]. Moreover, ZOE cements interfere with the polymerisation reaction of
methacrylate-based restorative resins due to the remaining free eugenol [81,82]. Eugenol is
a strong antioxidant and a potent free-radical inhibitor, which can cause a detrimental effect
on the physical and mechanical properties if an overlying permanent dental resin-based
composite material is used. Thus, complete cleaning of the tooth cavity of any residual
eugenol is necessary if a restoration that cures via free-radical polymerisation is to be
applied. However, modifying the chemical structure of eugenol by incorporating a poly-
merisable group, i.e., a methacrylate group, allows the eugenol derivative to participate in
polymerisation reactions rather than inhibit them [83,84]. Hence, the incorporation of this
new derivative can be advantageous in the field of dental materials or bone cements [84],
whilst benefitting from the bactericidal effects of eugenol.

An acrylic derivative of eugenol was synthesised through Fischer esterification [83]
using stoichiometric amounts of eugenol and triethylamine dissolved in diethyl ether
and reacted with an excess of methacryloyl chloride at room temperature under nitrogen
atmosphere (Figure 3). The triethylamine chlorhydrate formed was removed from the
reaction medium and unreacted reagents eliminated through successive extraction and
purified via flash distillation and column chromatography to yield eugenyl methacrylate.
The acrylic derivative of eugenol, in which the acrylic residue is directly bonded to the
aromatic ring of eugenol, was successfully synthesised directly from eugenol with a product
yield of 80%. The esterification reaction was confirmed by NMR and FTIR spectroscopies
showing presence of the bands corresponding to the methacrylic residue [83].

HO

MeO
Eugenol

o

Et;N
CH3CH,»), O
al (\1 :CH>),

MeO

EgMA

Figure 3. Synthetic scheme of the Fisher esterification of the eugenol molecule yielding its derivative
eugenyl methacrylate [80].

The antibacterial activity of EgMA was initially tested against Streptococcus mutans
and Escherichia coli, the most common species found in medical and dental surgical sites
and devices. The data suggest that the conjugated double bond in the aromatic structure
of EgMA and the allylic side chain are responsible for the strong inhibitory effects of
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this compound [84]. In addition, the alkyl substitution into the phenol nucleus alters the
distribution ratio between the aqueous and the non-aqueous bacterial phases by reducing
the surface tension (hydrophobicity of the compounds) or altering the species selectiv-
ity [85]. Thus, modification of the chemical structure of the eugenol molecule yielding
an x-unsaturated ester, EgMA, resulted in a good hydrophobic balance with a certain
proton exchange capacity. This, together with the presence of the 4-allyl group and the
presence of the hydroxylic group coupled to a delocalised electron system, allows the
monomer to maintain the ability to alter the cytoplasmic membrane permeability and
the inhibitory capacity of colony growing with a consequent block of ionic pumps as
proton and potassium ions [84,86,87]. The data also indicated that the disruptive effect
on cytoplasmic membranes is maintained after the polymerisation reaction, indicating
that EgMA-based materials render bioactive bacteriostatic surfaces that reduce microbial
resistance and biofilm formation. Moreover, eugenyl-derivative copolymers showed a clear
growing inhibition against E. coli and S. mutans, but no halo formation, suggesting that the
bacteriostatic effect is caused by immobilised agents. It was observed that the reduction in
colonies’ growth on the agar zone was only found beneath the polymer samples, indicating
that the immobilised molecules showed their activity only against bacteria which came
into contact with them, and that the effect does not reach distant areas from the material.
Accordingly, dental resins and other restorative materials containing eugenyl derivatives
would eventually contribute to the reduction or even the inhibition of bacteria growing
at the interface between the materials and the surrounding tissues, possibly inhibiting
secondary caries formation between the dentine surface and the restorative material.

Antibacterial agents whilst inhibiting bacterial growth should also be minimally
cytotoxic to mammalian cells. As is known, low concentrations of eugenol exert anti-
inflammatory and local anaesthetic effects on the dental pulp; however, high concentrations
can exert some cytotoxic effects [88]. Eugenol and related compounds have been shown
to have a high affinity for plasma membranes because of their lipid solubility, which may
contribute to cell damage [89]. However, both EEMA monomer and PEgMA polymer
were found to be cytocompatible when tested in vitro with human fibroblasts [90]. It
should also be noted that the eugenol derivatives are only added in small amounts to high-
molecular-weight monomers, with the derivatives being incorporated in a cross-linked
network, leading to only traces of any unreacted monomer. The cell morphology and
cell-material interaction of fibroblasts with polymeric systems showed cells with normal
morphology, well spread and flattened over the materials, indicating the formation of
stable adhesive contacts and showing good cytocompatibility of the polymer [84]. All
these results open a novel approach to achieve biofunctionalised acrylic systems with
potential applications in dentistry, orthopaedic surgery and ophthalmology. The novelty of
these systems in comparison with other eugenol-containing materials lies in the covalent
anchorage of the eugenol molecule to the macromolecular structure, avoiding its migration
to the surrounding tissues and improving its hydrolytic stability, whilst still maintaining
the beneficial properties of eugenol [71,80,81].

2.4.2. Applications of Eugenyl Methacrylate
Eugenyl Methacrylate in Polyacrylic Acid for Glass-lonomer Cements

Glass ionomer cements (GICs) are an important class of dental materials that set by
an acid-base reaction of an ion leachable calcium fluoro-aluminosilicate glass powder
and a polyalkenoic acid, which is usually either a homopolymer of polyacrylic acid or
a copolymer of acrylic and maleic acids in the presence of water [91]. The setting of
GIC involves neutralisation of the acid groups available from the water-soluble polymer
and the glass powder base. As these cements harden, they are associated with various
changes, one of which is an increase in the proportion of tightly bound water within their
structure. Therefore, GICs are sensitive to moisture in the early stages of placement and
can lose matrix-forming ions in the presence of excessive moisture or desiccation [92].
Different acrylic acid blends and copolymers have been reported not only imbibing anti-
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inflammatory [93] and antibacterial [94] effects, but can also alter the moisture sensitivity
of composites [95] such as GICs. The modified GIC with a mixture of acrylic acid and
EgMA resulted in the experimental GICs exhibiting physical and mechanical properties
in compliance with ISO standard requirements and is not significantly different than the
commercial GIC [96]. Furthermore, the eugenyl residue was associated with an increase
in the fraction of the volume surrounding the macromolecules, providing more flexible
materials. This balance resulted in the experimental GICs having a marked increase in
the flexural strength values, whilst maintaining the other mechanical properties over the
standard requirements and additionally lowering the net water uptake. An additional
advantage of these experimental GICs was the higher pH of the initial mix that was
attributed to the lower net amount of —COOH groups in the copolymer and essentially
these being neutralised in the early stages of the reaction and during the maturation process
of the ionically crosslinked cement (Figure 4) [97]. The higher pH is expected to reduce
irritation of the tooth pulp, when placed near it [98]. Although the incorporation of EgMA
molecules in the polyacrylic acid copolymer resulted in a net decrease in the amount of
—COOH groups in the matrix that retain the fluoride ions, there was no difference in
the fluoride release between the commercial and experimental GICs. As the pH of the
experimental cements was higher than the commercial cement, it was expected to release
higher amounts of fluoride in the initial stage, which may improve the anticariogenic
effects [99]. Based on these detailed studies, it can be concluded that GICs constituting
acrylic copolymers with immobilised eugenol moieties improve physical properties as well
as exhibit anticariogenic behaviour.

Antibacterial p(AA-co-EgMA) modified hydroxyapatite
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Figure 4. Adhesion mechanism between the hydroxyapatite surface and polymeric component of antibacterial glass
ionomers formulated with acrylic acid and eugenol-derived copolymer p(AA-co-EgMA) [94].

Eugenyl Methacrylate in Resin Composites

Resin composites were specifically developed for the cementation of endodontic posts
and core build-up restorations that would benefit from possessing bactericidal properties;
thus, dual cure (chemical and photopolymerisation) resin composites based on EgMA
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monomer and Bis-GMA /TEGDMA resin systems were formulated. The addition of EgMA
monomer resulted in the enhancement of the viscoelastic properties, the mechanical re-
sponse of the composites and imparted antibacterial properties to the resin system by
virtue of the EgMA residues, specifically against a range of oral bacteria commonly asso-
ciated with failure of coronal and endodontic restorations. The experimental composites
also exhibited outstanding properties in comparison to currently used dental composite
materials [100,101]. The low viscosity of the EgMA monomer functioned as an excellent
diluent for the viscous Bis-GMA monomer and enhanced the initial handling viscosity.
This effect is desirable as it can facilitate injection into the root canal system through the
delivery devices [102]. It also reduced the polymerisation shrinkage stress within the
material during early setting [103], and the stress relief via resin flow relaxation decreases
the possibility of gap formation [104] and marginal leakage [105], which consequently can
enhance the longevity of the restorations.

The experimental resin composites with EgMA also exhibited significantly higher
depth of cure and lower polymerisation exotherm compared to commercial composites.
The reduction in exothermic polymerisation constitutes an additional advantage preventing
thermal damage of the adjacent root dentine whilst curing occurs within the endodon-
tic cavity. The addition of EgMA into the composite formulations also increased both
flexural and compressive strengths. This confirms the effect of EgMA, which allows for
both crosslinking and forming branched structures. The crosslinked network leads to
strengthening whilst an increase in ductility is observed due to the branching [106]. Water
sorption and solubility of polymeric composites are also of importance for dental appli-
cations since the physical and mechanical properties of resin composite materials may
be significantly altered by fluid uptake in the oral environment, which also leads to the
harbouring of bacteria within these composites that eventually leads to discolouration and
failure. The water sorption and diffusion coefficient values of the EgMA resin composites
were significantly reduced with increasing content of EgMA due to the hydrophobicity
and ability to form slightly crosslinked structures. The increasing surface contact angle and
decrease in surface free energy of the EgMA resin composites were expected due to the
presence of the aromatic ring in the structure of EgMA. As the antibacterial activity of the
experimental composites is derived from the pendent eugenyl residue, the ability of these
composites to reduce or inhibit bacterial growth is highly dependent on the direct contact
between eugenyl residues of the composite surface and the bacteria [107-109]. It was noted
that the greater hydrophobic character of EgMA-containing composites improved the total
interaction energy with the bacteria and resulted in a higher accessibility to the eugenyl
moieties responsible for the bacteriostatic activity.

The antibacterial activity of the EgMA-containing resin composites determined against
E. faecalis, S.mutans and P. acnes showed surface-inhibition properties using the agar diffu-
sion test [101]. The lack of inhibition zones around the composite discs containing EgMA
confirmed their non-releasing behaviour, as the inhibition zones were formed by the diffu-
sion of antimicrobial material, indicating that the antibacterial activity of the composites
is not through the release of agents to the medium but is instead associated with surface
contact. Secondly, the surface antibacterial activity test against the adherence and growth
of E. faecalis, S. mutans and P. acnes was performed. There was a significant reduction
in the number of colony-forming units (CFUs) of the bacteria tested, indicating that the
chemically bound monomer has the capability to reduce or inhibit the colonisation of
these bacteria that come into contact with the composite surface. Therefore, incorporation
of EgMA monomers as immobilised bactericidal moieties within polymerisable formula-
tions provides a novel approach to develop resin composite materials with intrinsically
antibacterial activity against common coronal and endodontic oral bacteria.

Eugenyl Methacrylate in Dental Adhesive Systems

Dental adhesives play an important role in restorative dentistry. Enabling polymeris-
able monomers with antibacterial properties in dental adhesives is of value since the
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interface between the restorative and tooth tissue is susceptible to the ingress of micro-
bial species.

EgMA is a compatible comonomer with methacrylate monomers present in dental
adhesives; thus, post curing immobilises the antibacterial eugenol moieties in the polymer
backbone without the inhibitory effect characteristic of the phenol group. The antibacterial
property of the dental adhesive is expected to help eliminate residual bacteria, which often
remains in dentinal tubules, and lower the risk of reinfection and secondary caries. The
efficacy of EgMA as a comonomer in single-component self-etch systems and the adhesive
and catalyst components of a total-etch system were reported by Almaroof et al. [103]. The
curing ability of a bonding system is a major factor that governs the formation of a strong
and durable bond with the dentinal substrate, and the degree of cure is influenced by any
compositional modifications to the system. Almaroof et al. [106] showed that despite the
significantly lower initial degree of cure of the modified adhesives than their corresponding
control, they were increased when measured at 24 h post curing, with no significant
differences [106]. As with the EgMA-modified resin composites, the initial reduction in
the degree of conversion was attributed to the bi-functional nature of acrylic and allylic
double bonds in the EgMA moiety that led to the formation of crosslinked structures with
unreacted allylic bonds. An additional advantage of the EgMA formulations in adhesives
was attributed to the significantly lower polymerisation exotherm, which would decrease
the potential of thermal damage to the host tissue.

EgMA in bonding formulations significantly increased the contact angle of the po-
lar and dispersive liquids tested and decreased surface free energy indicating the higher
hydrophobicity of the bonding surfaces. Although the effect of surface free energy of
substrates on bacterial adhesion has been critically discussed in the literature with no clear
consensus, our previous findings for polymers and resin composites incorporating EgMA
reported a greater hydrophobic character of these materials, presented a lower surface
free energy, and ultimately impacted the total interaction energy with the bacteria, as
higher accessibility to the eugenyl moieties was responsible for improved bacteriostatic
activity [100,104]. The chemical composition of adhesive resins and their net hydrophilic-
ity influence the water sorption, solubility and water diffusion of these polymers. The
hydrophobic nature of EgMA substituted methacrylates and its ability to form slightly
crosslinked structures of the modified adhesives resulted in a significant reduction in
their water sorption and solubility in comparison to bonding systems containing acidic,
highly polar functional groups in newer formulations of bonding agents. The reduction in
solubility indicates the limited extraction of any unreacted monomers into the surround-
ing environment, potentially increasing the stability and durability of the resin—dentine
bonds [105].

The incorporation of EgMA into self-etch and total etch dental adhesives showed
potent antibacterial activity, before and after light polymerisation. The EgMA-modified
adhesives produced significantly greater inhibition zones than their corresponding controls,
indicating that the eugenyl residue maintained the bactericidal effect of eugenol and the
sensitivity of P. acnes., S. mutans and E. faecalis to this monomer within their formulations.
Moreover, the inclusion EgMA reduced biofilm viability, evidenced by a decrease in the
number of CFUs of the total species, live biofilm volume and the percentage of live bacteria
(Figure 5). It is well known that Gram-positive bacteria are more sensitive to essential oils
such as eugenol, as the hydrophilic cell wall structures of Gram-negative bacteria block
the penetration of hydrophobic components into the cell membrane [91]. The respective
virulence of each species and the differences in the chemical composition and structure of
the bacteria cell walls resulted in different bacterial sensitivities towards EgMA. E. faecalis
is the most resistant bacterium to a wide range of antibiotics; however, the effectiveness
of EgMA-modified adhesives against E. faecalis offers a considerable advantage over the
commercial dental adhesives. It is also known that eugenol at high concentrations can exert
some toxic effects on the dental pulp [80]. However, EgMA-modified adhesives showed
good biocompatibility and a high percentage of cell viability. The cytocompatibility of
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EgMA-modified adhesives exhibited human gingival fibroblast viability matching that of
their commercial non-antibacterial controls, as well as that of the negative control without
any resin eluent.

Mod.CUB

Figure 5. Schematic illustration of pendent eugenyl residues from the polymeric surface of the EgMA-
containing resin composites (Mod.CUB) and microbial biofilms grown on cured resin discs tested with
live/dead staining. The pie chart shows the effect of EgMA incorporation on the mean percentages
of dead (red), live (green) and unknown (black) biovolumes. Adapted from Almaroof et al., 2017,
with permission from Elsevier.

Finally, the incorporation of EgMA did not adversely affect the root dentine bonding
ability of both parent adhesive systems evaluated by push-out bond strength testing. The
EgMA-modified adhesives presented bond strength values similar to their corresponding
controls. In addition, confocal laser scanning microscopy assessment of the resin—dentine
interface showed that EgMA-modified self-etch and total-etch adhesives were able to
create a resin diffusion zone within the coronal and middle root dentin, forming a clear,
continuous, gap-free hybrid layer located underneath a thick adhesive layer. The presence
of resin tags was also evident with both adhesives. The incorporation of EgMA produced
an effective bond to root canal dentin and high compatibility in vitro, indicating a potential
application to achieve successful post-endodontic restorations [101].

2.5. Chitosan

Chitin is a natural biopolymer sourced from crustacean shells, which on deacetylation
yields chitosan. The monomeric units of chitosan contain a primary amine and two hy-
droxyl groups and in acidic medium the protonation of the amine groups leads to a charged
polymer. Chitosan is a cationic polysaccharide and the degree of deacetylation governs
both solubility and the availability of the free amino groups [110]. It possesses broad-
spectrum antimicrobial activity and has an effective killing rate against Gram-positive and
Gram-negative bacteria; however, the efficacy depends on the properties of the chitosan
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used such as the physical state (solid or water soluble form), molecular weight, charge
density, concentration, hydrophilicity, chelating capacity, pH of the medium, temperature,
interaction time and factors that relate to the microbial species [111-114]. The favourable
biocompatibility, biodegradability, hydrophilicity, haemostatic and antiantigenic proper-
ties of chitosan have thus led to its use in a variety of biomedical applications [115,116].
Chitosan has been used in different aspects of clinical dentistry, whilst many experimental
research studies highlight the potential of application in other dental applications [117].
It has been used in dentifrices, toothpastes and chewing gums that confer antimicrobial
activity and reportedly limit enamel demineralisation by forming a protective layer on
enamel surfaces in the presence of mucin present in saliva [118,119]. This polysaccharide
has also been used as a carrier for the delivery of drugs and compounds such as naringin,
chlorhexidine, statins, metronidazole, doxycycline and other antibiotics for the treatment
of periodontal disease, endodontic therapy and preventive dentistry. The incorporation of
chitosan in glass ionomer cements was reported to not only enhance the antibacterial activ-
ity, but also to improve flexural and compressive strength of the cement. A methacrylate
derivative of chitosan [120] has been reported as a potential component in dental adhesives
that is able to reduce microbial ingress, which is beneficial towards the longevity of the
restoration. Similarly, chitosan-coated dental implants have been reported to assist in bone
regeneration whilst maintaining their antibacterial properties [121].

Chitosan has been used in gels and oral formulations for periodontal treatment. Fur-
thermore, its haemostatic properties have been exploited to form sponges, films and mem-
branes for use in oral wound dressings and to curb excessive bleeding such as Axiostat®,
Celox™ and Hemcon® for clinical use post tooth extraction [122,123].

2.6. Graphene and Graphene Oxide

The nanomaterials, graphene and graphene oxide (GO), possess unique properties,
which have stemmed enormous interest in their use as nanofillers in composites, drug de-
livery and other biomedical applications [121,122]. Nanosheets of GO are two-dimensional
structures with a honeycombed carbon framework. The potential application of graphene
and its derivatives [124,125] in oral healthcare have highlighted the antimicrobial properties
and low cytotoxicity of graphene and its derivatives. GO has been reported to exhibit an-
tibacterial properties, and GO nanosheets inhibit the growth of dental pathogens [126]; thus,
it is a promising alternative in minimising antibiotic resistance and reducing the prevalence
of biofilm formation. GO and graphene have also been used to form polymer nanocom-
posites and evaluated for their antimicrobial activity. Poly (methylmethacrylate), a widely
used polymer in dental applications, was developed into a composite with GO, which
exhibited superior mechanical properties and antibacterial activity (Figure 6) [116,127,128].
The use of GO in coating titanium implants is another potential application of interest that
minimises the adhesion of bacterial species on the surface. In addition, silver nanoparticles
(Ag-NPs) deposited onto functionalised hybrid graphene demonstrated an increase in
antimicrobial activity against S. aureus and E. coli. Ioannidis et al. [129] used a similar
system and developed a silver-graphene oxide system as a root canal irrigant for microbial
killing and biofilm disruption with the preliminary results indicating that Ag-GO can be
potentially used as an auxiliary disinfectant.
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Figure 6. SEM observation of attached E. coli adhered onto (a) Poly(methylmethacrylate) (PMMA) acrylic surfaces, (b)
PMMA containing 0.3% graphene oxide, (c¢) PMMA containing 15% chitosan and (d) PMMA containing 0.3% graphene
oxide and 15% chitosan. Reproduced from Zapata et al. [116] with permission from the authors.

2.7. Antimicrobial Peptides

Antimicrobial peptides (AMPs) are low-molecular-weight proteins that exhibit a wide
spectrum of antibacterial activity [130]. Antimicrobial peptides are predominantly cationic
and amphiphilic in nature. They can bind to the negatively charged bacterial cell membrane
and cause bacterial cell lysis and the potency depends on the cationicity and amphipathic-
ity, and different models have been used to explain the mechanism of action [130]. The
antibacterial activity of AMPs is of huge interest [131] as they exhibit superior pharma-
cokinetics, offer effective treatment and potentially can provide solutions to overcome
the burden of antibiotic resistance developing swiftly around the globe. This promising
approach is naturally being explored actively in dentistry to both prevent and treat dental
caries [132]. Several natural and synthetic AMPs have been shown to have bactericidal
effects [132] on several bacterial species present in the oral cavity, especially S. mutans. Al-
though these findings are predominantly based on in vitro laboratory studies, they provide
valuable information on the biomemis of synthetic AMPs that can be developed for clinical
applications. Several synthetic AMPs have been synthesised and specifically used for
studying caries prevention and treatment, with several exhibiting sustained activity against
S. mutans [132-135]. Long acting amphipathic AMPs targeting the oral plaque microbiome
were also reported by Moussa et al. [134] and used as coatings on dentine-restoration
interfaces. The study showed selective antimicrobial potency, and ex vivo tests indicated
potential protection against recurrent caries. The use of tooth-binding antimicrobial AMPs
to inhibit plaque biofilm formation is another approach that has been used as a potential
pathway against recurrent caries [94].

3. Conclusions

This review indicates that it is important to consider the risks of antimicrobial re-
sistance whilst designing drug delivery systems for application in the oral environment,
especially as it concerns a large proportion of the global population. The strategy of
employing intrinsically antibacterial compounds is likely to be more beneficial than the
incorporation of antimicrobial agents within dental materials to function via the release
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of therapeutic molecules. It is evident that targeted antimicrobial activity at sites prone
to the formation and accumulation of biofilms such as on restorative materials, the tooth-
restoration interface or a root canal is expected to be an efficacious pathway in limiting
the detrimental effects caused by pathogenic bacteria. Although the results of most of the
studies reviewed here are largely laboratory based, there is evidence that polymerisable
moieties with intrinsic antimicrobial properties and the application of antimicrobial pep-
tides are future directions that should be considered in designing systems with clinical
translation as a focus for applications in the oral environment.
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