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O objetivo deste estudo foi atribuir propriedades antibacterianas para a superficie de
um cimento de iondémero de vidro (CIV) experimental, inerente a presenca de
nanoparticulas de prata (AgNP). As nanoparticulas mantiveram-se como uma solucéo
coloidal estavel, com tamanhos médios variando de 7 a 10 nm, ao longo de um periodo de
monitoramento maior que 180 dias. Foi realizada a caracterizacdo dos CIV com
quantidades crescentes de sal de prata (Without Ag, Low Ag, Medium Ag e High Ag). A
sintese de AgNP na matriz polimérica do CIV mostrou ndo prejudicar a sua resisténcia a
compressdo, ou o0 seu tempo de cura. Em High Ag, a maior concentracdo de prata aumentou
a resisténcia a compressdo dos cimentos, devido a ancoragem de cadeias de polimero.
Todos os grupos contendo prata induziram zonas de inibicdo do crescimento bacteriano
estatisticamente significativas sobre placas de agar. Medium Ag mostrou possuir a
concentracdo de sal de prata em que a adesdo bacteriana e os parametros de formacéo de
biofilme (biomassa, espessura média, distancia de difusdo e superficie/bio-volume) foram
significativamente afetados em relacdo ao controle, causando a formagéo de grandes
agregados ou biofilmes em forma de teia. Além disso, Medium Ag mateve as viabilidades
bacterianas e de células de fibroblastos gengivais inalteradas.
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The aim of this study was to attribute antibacterial properties to the surface of an
experimental glass ionomer cement (GIC), inherent to the presence of silver nanoparticles
(AgNP). The nanoparticles remained as a stable colloidal solution, with average sizes
ranging from 7 to 10 nm, over monitoring period of more than 180 days. Characterization
of the GIC with increasing amount of silver salt (Without Ag, Low Ag, Medium Ag and
High Ag) was pursued in order to verify any significant changes on their properties.
Synthesizing AgNP into the polymer matrix of GIC showed not to affect their final
compression strength or net setting time. In High Ag, the concentration of silver in the
matrix increased compressive strength of the cements, due to the anchoring of polymer
chains. All groups containing Ag induced statistically significant bacterial growth
inhibition zones on agar plates. Medium Ag showed to have the concentration of silver salt
in which bacterial adhesion and biofilm formation parameters (biomass, mean thickness,
diffusion distance and surface to bio-volume) were significantly affected compared to
control, causing formation of large aggregates or web-like biofilms, and in which bacterial

and fibroblast cell viabilities remained unaltered.
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Le but de cette étude était d’attribuer a la surface d’un ciment verre ionomeére
(CVI) experimental des propriétés anti-bactériennes, grace aux propriétés des
nanoparticules d’argent (AgNP). Les nanoparticules sont restées sous forme d’une
solution colloidale stable sur une période de suivi de 180 jours, avec tailles moyennes
allant de 7 a 10 nm. La caractérisation des ciments verre ionoméres chargés en
nanoparticules d’argent (AgNP-CVI) avec une quantité croissante de sel d'argent
(Without Ag, Low Ag, Medium Ag et High Ag) a été approfondie afin de vérifier
d’éventuelles modifications importantes de leurs propriétés. Synthétiser AgNP dans la
matrice polymeérique du CVI a montré de ne pas nuire a leur résistance a la compression
(CS) et leur réaction de prise. A High Ag, la concentration d'argent dans la matrice a
augmenté la CS des ciments, du fait de I'ancrage des chaines de polymeéres. Tous les
groupes contenant de 1’Ag induisent des zones d'inhibition de croissance de E. coli
(SCC1) sur les plaques de gélose significatives statistiguement. Medium Ag a montré
avoir la concentration de sel dargent pour laquelle 1’adhésion bactérienne et la
formation de paramétres du biofilm (biomasse, épaisseur moyenne, la distance de
diffusion et de surface sur bio-volume) ont été affectés de facon significative par rapport
au contrdle, causant la formation de grands agrégats ou de biofilms en toiles d’araignée,

alors que les viabilités cellulaires restent inchangées.
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I. Introduction

Dental caries is still a serious oral health problem in most economically developed
countries, affecting some of school children and the majority of adults [1]. The pathology
and medical complications are very frequent, despite the marked improvement in recent
decades in all industrialized countries. It is also the most prevalent oral disease in many
countries in Asia and Latin-America, but seems to be less common and less severe in most
African countries [1].

The preferred treatment of caries with cavitation in dentin is removal of
demineralized and contaminated tooth tissue through cavity preparation, followed by
restoration of lost tissues with dental materials, such as metal alloys, composite resins,
glass ionomer and ceramics.

Glass-ionomer cements (GIC), a particular category of bioactive dental materials,
were first introduced by Wilson and Kent [2]. They were invented because of the need of
replacement material to mercury-based amalgams in dentistry. These glass polyalkenoate
cements formed from ion leachable fluoro-alumino-silicate glasses and poly(acrylic acid)
solution are still one of the most promising bioactive dental materials, although they have
been successfully applied in dentistry for more than 30 years. An acid-base reaction occurs

forming a composite gel phase (carboxylate salts) encrusted with not reacted glass particles.



GIC are often used in clinical practice due to their singular characteristics. The
importance of these cements is attributed to their role in the clinical management of caries,
in Minimal Intervention Dentistry (MID), and Caries Management by Risk Assessment
(CAMBRA). Their anticariogenic properties such as fluoride release, the ion exchange
between GIC and tooth at the internal interface, the direct adhesion to tooth structure and
base metals, minimized microleakage at the tooth—enamel interface, linear thermal
expansion coefficient similar to dentin and low cytotoxicity are unique properties that
enable specific application of such cements. Disadvantages such as early water sensitivity,
low compressive strength and reduced wear resistance have limited the use of conventional
GIC in some clinical applications, which demand long term restorations. Despite these
issues, GIC has a specific field of application in Pediatric Dentistry, in which dental caries
presents high morbidity. Considering the reduced chair timing and other treatment
difficulties inherent to children’s behavior, GIC is indicated because of simplicity of the
technique and preventive effects observed only in this class of materials. Thus, differently
from dental composite resins used for definitive restoration of dental caries, it remains as
the chosen material suitable for short- to medium-term restorations for many dental practice
situations.

The use of fluoride in preventing caries is already established in Dentistry, however
currently it has emerged the need to expand the arsenal of preventive products through
effective antibacterial therapies, causing prevention to become less dependent on fluoride
products [3]. In this context, silver nanoparticles (AgNP) have been shown to be great allies
if retained on materials as they may change their surface charge, hydrophobicity, and other
physicochemical characteristics of great importance to the accession process and

maturation of bacterial biofilm causing caries [4]. Moreover, immobilization of AgNP in



polymer matrix seems advantageous for reducing toxicity of the nanoparticles, since it
should prevent mammalian cells to their direct uptake, which would function as a reservoir
of silver ions [5].

Recently, resin-based nanocomposites filled with AgNP start to be widely
investigated as antibacterial materials for dental applications. Those materials are applied to
permanent restorations, which require high color stability and durable mechanical
properties. However, resin-based materials are not as bioactive as water-based GIC due to
the flux of unbound water through the material. Bioactivity of water-based materials is a
major requirement for combating active caries, and also the main reason for the
applicability of GIC in modern cariology approaches, such as MID. The originality of this
work consists of synthesizing AgNP in the water-based GIC formulation attributing
antibacterial properties to this material by the release of silver ions. Such activity allied to
the known release of fluoride might also imply cariostatic function to GIC, thus
contributing to enhance their performance in fight against caries.

Prompted by the motivation of attributing antibacterial properties to the surfaces of
GIC, we hypothesized whether the presence of AgNP would alter properties of the
conventional GIC. The aim of this study was to synthesize and characterize novel silver
nanoparticles poly(acrylic acid) (AgNP-PAA) via photoreduction technique, and evaluate
in vitro properties of the formed GIC, validating antibacterial properties by analyses of

bacterial adhesion and biofilm formation on the surfaces of the cements.



I1. Literature Review

2.1. GLASS IONOMER CEMENTS (GIC)

2.1.1. Development of GIC

Dental silicates used to be the principal material for anterior teeth restorations, and
represented, along with metal alloys, the two types of most used dental materials. In the
early 1960s, due to their poor clinical performance, the Department of Scientific and
Industrial Research set up the Committee for Research into Dental Materials and
Equipment to coordinate research and development in United Kingdom universities and
Government research establishments in order to improve properties of silicate cements [6].
Wilson's collaboration with Kent and Lewis resulted on finding that aluminium and
calcium phosphates constitute part of the Silicate cement matrix, and such discovery
conducted them to assume that replacement of phosphoric acid with polymeric chelating
agents might improve the cement. Finally in 1965, after numerous trials with a number of
acids, Wilson mixed dental silicate glass with 25% poly (acrylic acid) and found an
hydrolytically stable cement after 24 hours, however with little or no working time. This
study showed that improvement of dental silicate cement, even if possible, was going to be

a long-term undertaking [6].

After a decade of intensive research, the Laboratory of the Government Chemist

(LGC, UK) achieved the composition of ion-leachable aluminosilicate glasses and an



aqueous solution of poly (acrylic acids) that was the first commercially usable cement
termed ASPA - Alumino Silicate Poly (acrylic acid) or glass ionomer cement (GIC) [2, 7].
However the first glass ionomer ASPA | (De trey Division, Dentsply International) set
lingerly, was susceptible to moisture while setting and had a very low translucency. The
reason was high fluoride content and crystallization of the glass, resulting in poor aesthetics
and limited use in practice [8]. Then, improving the handling properties of the cements

became the new challenge.

Five years later, a significant discovery made by Wilson and Crisp showed that
tartaric acid (TA) acts as an accelerator, aiding in the extraction of ions from the
aluminosilicate glass and facilitates their binding to the polyanion chains. TA chelates
metal ions and thus delays the cross-linking of polyacid chains, and possibly forms a cross-
linking unit, where a pair of metal ions are bridged by the ligand. This would significantly
increase postgelation hardening and extend working time. This formulation known as
ASPA 11, constituted the first practical glass ionomer cement, which contained TA, in
addition to glass powder and poly (acrylic acid) [9]. However, ASPA 1I solution of poly
(acrylic acid) tended to form a gel over time. To overcome this problem, Wilson and Crisp
added methyl alcohol to poly (acrylic acid) solutions to inhibit the ordering of structures in
solution, which was termed ASPA Il [10]. The same authors developed a copolymer of
acrylic and itaconic acid, which was less liable to form intermolecular hydrogen bonds and
gel. This cement, designated ASPA 1V, formed the basis of modern commercial glass

ionomer cement [10].

Further studies led to understand that an excess of tartaric acid above the optimum

(5 to 10 % wt.) retards setting and weakens the cement, presumably because the



concentration of metal-TA chelate units is too great [11]. Polyalkenoic acid and tartaric
acid may also be vacuum dried and incorporated into the glass powder, to overcome
cytotoxicity owing to polymerization process of the polymers and to improve homogeneity
in powder to liquid mixing. The powder is then mixed with water or dilute tartaric acid

solution to the cement [8].

In 1980, Sced and Wilson found that the addition of metal powder or metal fibres
can improve strength of GIC, but the resistance to abrasion was reduced [12]. The abrasion
resistance and strength were improved by sintering the metal (silver particles) and glass
powders together, and they called CERMETS [13]. Other modification to the cements
includes incorporation of crystallites of corundum, rutile and tielite in order to improve the
strength. However, in water-setting systems, cement strength was shown to be critically

dependent on the glass-polyacid ratio [14].

In 1986, Antonucci have developed resin-modified glass ionomers to overcome
moisture sensitivity and the lack of command set of the cements. The addition of a small
quantity of resin such as hydroxyethyl methacrylate (HEMA) or Bis-GMA to the liquid
produced advantageous physical properties. The photopolimerizable resin added to the
polyacid liquid component hardens the material substantially when a visible light beam is
applied. Once the resin component has been cured, the glass ionomer hardening reaction
continues, protected from moisture and overdrying by the hard resin framework [15]. Since
then, the term conventional GIC refers to those materials not containning resin in their

components.



2.1.2. Structure of GIC

Conventional glass ionomer cements are formed by a finely divided fluoro-alumino-
silicate glass powder reacted with aqueous solutions of poly (acrylic acid) and other poly
(alkenil acids) [2]. The basic component of GIC is calcium or strontium based alumino-
silicate glasses with high fluoride content [7, 16]. Glasses for this application are usually
called an ionomer glass and generally contain 20-36wt.% SiO,, 15-40% Al,O3, 0-35%

CaO, 0-10% AIPO4, 0-40% CaF2, 0-5% NasAlFs and 0-6% AlF3 [17].

The formulation of the original glass are listed below in increasing order of

complexity [18]:

1- SiO,-Al,0s-CaF;
2- SiO2-Al,03-CaF,-AlzPOys ;

3- SiO2-Al,03-CaF,-AlsPO4-NazAlFs.

Currently four main types of ionomer glasses have been used for cement forming:

1. Alumino-silicate glasses, which have been mainly studied by Wilson and co-
workers in the early 1970’s and are based on the systems SiO2- Al2O3-CaO or SiO2-Al20s-

CaF2;

2. Alumino-borate glasses based mainly on the system Al,O3- B203- ZnO - ZnF;

3. Zinc-silicate glasses based on the systems CaO-ZnO-SiO; or Al203-Zn0O-SiO; and

4. Alumino-phospho-silicate glasses based on the system SiO2-Al>03-P20s-CaO-CaF>

[19].



The glasses can be prepared by mixing the appropriate oxides and melting of
ingredients in the temperature range of 1100 °C to 1590 °C, depending on the composition.
Then the melt is shock-cooled either onto a metal plate and then into water or directly into
water. Many other components such as sodium, potassium, aluminium, barium and silver
are incorporated to provide specific properties [13]. The glass is then ground further by dry
milling in a ball mill or a gyro mill to a particle size less than 45 um for a filling grade

cement or less than 15 pum for a fine grained lutting cement [20].

When glass ionomer cement was first developed, the liquid component was aqueous
poly (acrylic acid) that turned into a gel on storage [20]. For this reason, itaconic acid and
maleic acid copolymers were added to prevent gelation. Tartaric acid is also added to

extend the working time and promotes a snhap set [21].

A dry form of poly (acrylic acid) has been introduced to increase the molecular
weight, without making the liquid very viscous. Tartaric acid can also be incorporated in
the powder. Therefore the liquid can be simple distilled water or an aqueous solution of

tartaric acid [22].

The fully set cement is a composite of residual glass particles embedded in a

siliceous hydrogel all bonded in a metal-polyacrylate matrix [23].

Nicholson [15] have categorized the modifications in the glass ionomers into:

(1) the use of alternative polymers, such as acrylic/maleic acid, as the

polyacid component, enabling stability of the solution over time;



(i) the use of dried polymer powders blended with the glass, and activated
by the addition of water, in order to enhance reactivity of the glass
particles during agglutination of the cement;

(iii) the development of cermet-containing cements, in which the filler
consists of a CERMET (i.e. a ceramic—metal hybrid, in this case being
calcium fluoro-alumino-silicate glass fused to silver) rather than a pure
glass. These materials are used in situations where radiopacity is
required, and for core build-up under crowns.

(iv) metal-reinforced cements, where a metal, such as silver—tin alloy or
stainless steel, is added to an otherwise conventional glass-ionomer in an
attempt to reinforce the set cement;

(V) resin-modified cements, in which the conventional acid—base
components are complemented with monomers and initiators capable of

undergoing photochemical polymerization.

2.1.3. The setting reaction for convencional GIC

The setting reaction is an acid base reaction in which the ion leachable glass acts as
a base and the acid being poly(acrylic acid) or one of its copolymers [24]. This reaction
results in the release of metal cations, AI¥*, Ca®" etc. by surface dissolution of the glass
particles, which ultimately crosslink the polyacid network, to form a rigid polysalt matrix.
It has also been suggested that fluorine complexes such as AIF?* is released from the glass

[25].



Glass ionomer cements undergo three distinct and overlapping setting reactions. The

three phases in the setting reaction of glass-ionomer cement [26] are:

e Phase 1: The decomposition or dissolution of the glass powder
e Phase 2: Gelation-precipitation phase

e Phase 3: Maturation phase

The first phase is the decomposition of the glass powder, when hydrated protons
(hydrogen ions), which are formed from the ionization of the poly(acrylic acid) in the
water, attack the surface of the glass particles (Figure 2.1A). This process results in the
releasing of calcium, aluminium, and fluoride ions and forming a silica-based hydrogel
around the involved glass particles. The pH rises as the poly(acrylic acid) is converted into

polyacrylates [24]. This is illustrated in Figure 2.1B.

Setting Reaction

2+
\ PO, 0" Yo
I I Ca 2+ F= X
0 —Si —O0— Al —O H+T O I
I / \ I Reacted glass with 0\\ /0 -
Cc

Silicious gel coating

Si(OH) . X s ' ——\|__/
- Al1°*Ca?* cations CQ 5
Siiea GALOYT™ or irossinking Ho' 0 (ol covmshostp o
Poly(acrylic acid) anions and cations

Figure 2.1 Schematic illustration of A: acid degradation of an alumino-silicate network and B:
setting reaction in a glass ionomer cement [27].
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During gelation, the second phase of the reaction, the AI** and Ca?* ions migrate
from the silica hydrogel into the matrix phase. As the pH increases, polysalts (specifically
as polycarboxylates) precipitate and ionically crosslink the polyanion chains, causing the
cement to harden. The cement has relatively poor physical properties at first when calcium
polycarboxylates form over 5 minutes, while the stronger and more stable aluminium

polycarboxylates form over 24 hour [23, 28].

The maturation phase is the last stage of the glass-ionomer cement’s setting
reaction. The cement is very sensitive to moisture contamination in the first 24 hours [23].
The ability of the cement to dehydrate or uptake water decreases as it mature, becoming
increasingly rigid as it ages. This is an unique characteristic of these cements among all
other dental cements. The strength of glass-ionomer cements are directly related to the
bound (non-evaporated) water/evaporated water ratio, or the degree of hydration. This ratio
decreases with time; the amount of unbound or loose water becomes less and less in

comparison to bound water [15].

The details of the setting chemistry of glass-ionomers was first studied by Crisp et
al. [28] with infrared spectroscopy. Interpretation of spectra show that in the early stages of
the reaction the calcium salt alone is formed, resulting on gelation and the initial set; the
aluminum salt formed later is responsible for the final hardening. The difference in the rates
of salt formation is attributed to the low mobility of the aluminum ion consequent on its
hydration, the morphology of cations in the glass surface, and the stringent steric
requirements of crosslinking by AI** ions. In the fully hardened cement a siliceous hydrogel
is formed together with both polyacrylate salts of calcium and aluminum. However, a

minor proportion of -COOH remains unconverted to —COO™ groups possibly because they

11



are inacessible for steric reasons, and also because when the polyacrylate chain is largely
ionized, the remaining hydrogen becomes very firmly bound by eletrostatic forces. In effect

they have little acidic function and are replaced by cations with difficulty [28].

The addition of tartaric acid (TA) to the GIC was also investigated by FTIR
spectroscopy and has confirmed previous results that (+)-tartaric acid reacts more readily
with glass than does poly(acrylic acid), thereby delaying the setting of the cement
(prolonged working time). Subsequently, (+)-TA rapidily yields calcium tartrate,
disponibilizing ions for reaction with the polyacid, and thus enhancing the rate at which
aluminum polyacrylate is formed in the cement [29]. These findings where confirmed by
13C NMR spectroscopy of the fluid cement pastes. TA also showed to react more readily
than the polyacid with the glass, and hence suppressing the premature gelation of the

cement [30].

Barry et al. [23] discovered that the thermal history of the G-200 glass have great
influence on the two phases of the GIC: a continuous calcium aluminosilicate matrix and
partly crystalline calcium fluoride-rich droplets. They showed by electron probe
microanalysis that setting reactions are affected by the microstructure and
microcomposition of the glass [23]. When analysed by transmission electron microscope,
glass particles appeared surrounded by a siliceous layer set in a hydrogel matrix. The
results of X-ray microanalysis (energy dispersive) supported the ultrastructural
observations, proving the elemental composition of each region, with ions that originated

from the glass particles being detected throughout the matrix of the set cement [31].
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All of these techniques demonstrate that the setting of these cements involves
neutralization of the polyacid by the basic glass, with the formation of metal polyacrylate
units. Moreover, studies on the pH changes during setting reaction revealed that as the
cements set, the pH rises from ca. 1.25 to ca. 3 when tartaric acid is fully complexed. As

the polyacid reacts the pH rises further to ca. 5 [30, 32].

Young et al. [33] quantified by diamond ATR FTIR the polyacid neutralisation rates
in different class of materials: glass ionomer cements (GIC), resin-modified GICs
(RMGIC) and compomers. The results showed that the initial acid neutralisation rate in the
RMGIC Vitremer and Fuji 11 LC were 0.16 and 0.09 times that of Fuji X, a conventional
GIC. Acid neutralisation in the RMGIC was not near completion even by 60 h and was
very slow in compomers Compoglass and Dyract. This occurs due to the fact that the
poly(acrylic acid) neutralisation reaction requires water. The poly(acrylic acid), as a weak
acid, is propably to be partially ionised in water. This process is likely to be fast such that
the early concentration of acidic protons in the GIC is determined mainly by the acid pKa,
acid and water concentrations. Moreover, compomers, RMGIC and GIC absorb
approximately 0.5, 5 and 3 wt% water, respectively, in the first 50,000 s of immersion.
After this time water sorption continues with the compomers but to a much lesser extent
with the cements. The combined lack of water in compomers and slow rate of water
sorption explains the very slow acid neutralisation rates observed in this study. With the
cements the acid neutralisation process is closer to the maximum possible levels by 50,000
s because of the greater water sorption rates combined with initial higher water content of
the formulations. This process is important to application because diffusion of water

through the cement provides a mechanism for fluoride release from the bulk of the
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materials after attack of the glass by acid. The level of ions released would then be
expected to be dependant upon the initial fluoride concentration in the glass and the rates of

acid reaction and water diffusion in the material [33].

Recent study [34] observed the long term setting reaction in the glass ionomer
restorative, Fuj IX, by monitoring the structural evolution of aluminium and fluorine
species using 2’Al and F MAS-NMR spectroscopy. 2’Al MAS-NMR results show
conversion of aluminium from the glass phase, where it has coordination number four,
AI(IV), into the cement matrix where it has a coordination number of six, Al(VI). The
majority of aluminium cations do not form tricarboxylates but are coordinated with one or
two carboxylic groups and other ligands. The °F MAS-NMR spectra are identical for the
glass and cements at the early times and contain a dominant signal assigned to AI-F-Sr(n).
The conversion of aluminium is confirmed to be a diffusion-controlled process at early
stage less than 1 h and it is largely complete between 1 and 6 h. Again it was observed that
insufficient amount of water and excess of glass in the cement formulation affect glass

degradation mechanism [34].

2.1.4. Classification and clinical application of GIC
Glass-ionomers can be classified depending on their application as follow: luting
cements (Type 1), filling materials divided in esthetic restorative (Type lla) and reinforced
restorative (Type IIb), and lining or base cements (Type I1) [26].
GIC bonds to tooth structure by hydrogen bonding provided by free carboxyl groups

in the fresh paste with the calcium of the apatite of enamel and dentine. Wilson et al.
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reported that mechanism of adhesion of the GIC is not one of simple ion exchange, since
calcium ions are displaced by the phosphate ions. As the cement ages the hydrogen bonds
formed between the cement and substrate will progressively converted to stronger ionic
bonds as the hydrogens are displaced by calcium, aluminium or other metal ions supplied
by either the cement or the substrate [35]. This leads to chemical bonding by a calcium
phosphate-polyalkenoate crystalline structure acting as an interface between enamel or
dentine and the set material [36].

The direct chemical bonding between glass-ionomers and the surface tooth structure
(enamel and dentine) without any additional pre-treatment make this cement good for many
clinical application:

e Restoration of deciduous teeth.

e Restoration of erosion and abrasion lesions without cavity preparation.

e Fissure and pits sealant material.

e Restoration of class Il and V carious lesions.

e Core build up and repair of defective margins.

e Atraumatic restorative treatment.

e Fixation of orthodontic appliances.

e Cementation of crowns, inlays and bridges.

e Lining all types of cavities.

e Replacement of carious dentin in sandwich technique.

e Sealing the root surfaces of over dentures [26].

To achieve the long-term success of dental restorations, not only the professional

carrying out the work, but also the different physical, chemical, and biological properties of
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the materials play an important role. Different properties inherent to each class of materials,
whether resin or glass-ionomer-based, have their advantages and disadvantages depending
on the clinical application. The basis for the long-term success of dental restorations is the
proper application of the dental practitioner knowledge about the chemistry, characteristics

and handling features of the restorative material in clinical practice [37].

2.2. RESTORATIVE DENTISTRY

2.2.1. Dental caries

Dental caries is an acid-driven and localized de-mineralization of dental hard tissue
caused by dental biofilm [38]. World Health Organization (WHO) reported that caries is
still the most prevalent of the oral diseases worldwide and remarks it remain a problem
despite the great improvement in dental public health [1]. In 2007, cross-sectional study
among Brazilian preschoolers (0-to-5 years old) investigated the prevalence and severity of
dental caries and their association with demographic and socio-economic variables. Forty
per cent of the children (589/1487) presented dental caries. Age, educational level of
mothers and low family income were determinant factors to the increase of caries

experience [39].

Etiology of dental caries was first described by Miller in 1890 in his chemo-
parasitic theory, which supports bacterial production of organic acids as metabolic products
of dietary sugars, namely lactic, formic and acetic acids. Nowadays this theory is known as
acidogenic theory [40]. Despite this simple cause in concept, dental caries is a

multifactorial disease. The complex interplay between salivary composition combined with
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diet, local immune response in the oral cavity and pH fluctuations influence the biofilm
composition and metabolism, which will then, in concert with other factors such as fluoride
ion concentrations in the oral fluids, determine the cyclical re- and de-mineralization

process at any biofilm covered site [41].

The environmental process is a combined result of behavioural, social, cultural,
dietary and biological risk factors, which in diverse levels ultimately influence the way the
disease develops in individuals and in populations. Caries etiology is traditionally described
by the Keyes diagram with the intersecting circles of ‘host’, ‘plaque/biofilm’, and ‘diet’
(Fig. 2.2). However, the occurrence of caries is thus an outcome of complex processes

involving also secondary behaviour factors of individuals and societies [3, 38, 41].

The caries process may be detailed as follows:

1. Acidogenic biofilm ferments dietary carbohydrates and produces a variety of
organic acids, which reduce the pH of the biofilm below 5 [42].

2. This acidic environment results in hydroxyapatite (HA) dissolution, thus
calcium and phosphate ions start to diffuse out from tooth structure. This early
sign of enamel caries is histopathologically featured by subsurface de-

mineralization [43].
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Figure 2.2 Modified Keyes diagram of factors determining caries development [3].

3. The reversal process (re-mineralization) can be played if calcium, phosphate
and/or fluoride ions are present in saliva to diffuse back to tooth structure,
composing a new crystal structure. Apart from HA, mineral can be recovered as

other apatite-like crystals on the surface, as such as fluorapatite (FA), which are

more resistant to acid attack [44].

4. This dynamic physicochemical process can be controlled by the balance
between the protective and pathological factors, and thus will determine

whether de-mineralization will progress, be stopped, or be reversed in re-

mineralization [45].
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5. The demineralised enamel lesion is considered to be reversible to certain extent,

while predominant de-mineralization leads to cavity formation (Fig. 2.3) [46].
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Figure 2.3 Schematic illustration of the dynamic processes of de-mineralization (DM) and re-
mineralization (RM) and the possible consequences for the loss and gain of tooth mineral based on
the DM/RM balance [46].

2.2.2. Minimal Intervention Dentistry (MID)

Minimal intervention dentistry (MID) can be defined as a philosophy of
professional care concerned with the early detection, and thus better prognostics of caries
on micro levels, followed by minimally invasive, patient-friendly treatment to repair
irreversible damage caused by such disease. It is a response to the traditional surgical
manner of managing dental caries that is based on “extension for prevention™ operative
concepts of more than a century ago. This new philosophy attempts to ensure a systematic

respect for the dental tissue and that teeth are kept functional for life [37, 47].
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According to conventional modern dentistry, when caries progress and reach the
dentino-enamel junction, the penetration of the lesion complex follows the direction of the
dentinal tubules, and two demineralised layers can be identified on the caries focus: an
outer infected and decomposed layer, that must be removed during restorative procedures;
and other internal remineralizable layer, that might be spaired [48]. This process is

represented in Figure 2.4.

Cavities are restored in order to recover form, function and aesthetics. However, a
major reason for restoring a tooth cavity, from a cariology and preventive point of view, is
to seal it and facilitate mechanical removal of dental plaque from the restored surfaces of

the tooth [37, 49].

One of the main requirements for the successful application of the MID concept is
the selection of suitable preventive and restorative materials. Cariology and materials
science have significantly contributed to support this approach. Therefore, the needs of the
patients as well as the different clinical conditions dictate the choice among water based,
resinous or hybrid materials. The biological and physical properties of the materials are
important, as are other features such as their availability and costs, ease of use and
tolerance to operator variability, storage conditions, shelf-life, and the operative equipment

required [50].
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In contrast to conventional stepwise excavation of carious lesions, Atraumatic
Restorative Technique (ART) has been described as an one-session approach, where gross
caries removal is done with manual instruments without anesthesia and cavity sealing with
glass ionomer cement (GIC) is considered to be the final restoration. This approach is
indicated to countries in which the oral healthcare system is usually insufficiently equipped
to provide the needed care, and prevalence of dental caries is higher and its severity greater
[49, 51, 52]. Although it was firstly considered a palliative treatment, systematic reviews
have reported that sealed cavities have no further ability to drive the caries process once
they are cut off from the oral cavity, thus depriving microorganisms of the source of
metabolic nutrition required for their survival and for the production of acid that
demineralises tooth surfaces [53, 54]. It means that a cavity skillfully restored with a well-
manufactured restorative material, which seals the cavity, leads to the depletion of the
cariogenic potential of those remnants of carious tissue. At this point, adhesion to dental
strutcture and remineralization of the remnants dental tissues are important required
material properties in order to stop the carious cavity progress and thus to stabilize the

disease [55].

For this reason glass-ionomer cement (GIC) is an important tool in the fight against
caries. It can be thought of as a reservoir of fluoride and other ions in the oral cavity, a
mechanical barrier that protects the tooth surface against bacteria; most importantly, it can
provide a long-lasting seal under the most challenging clinical circumstances. Recently, it
was suggested that GIC also could be useful in the preventive arena as therapeutic coating.
Moreover, the clinical application of the internal remineralization concept is extensively

useful in pediatric clinics for management of early childhood rampat caries [38, 52, 56-58].
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2.2.3. Biofilms, the environment and interfaces

In 2002, Donlan and Costerton defined a biofilm as “a microbially derived sessile
community characterized by cells that are irreversibly attached to a substratum or interface
or to each other, are embedded in a matrix of extracellular polymeric substances that they
have produced, and exhibit an altered phenotype with respect to growth rate and gene

transcription.” [59].

Indeed, microorganisms accumulate within an extracellular polysaccharide matrix
(EPS) to optimize, for example, the use of available nutritional resources [60]. The
physiology of bacteria growing in biofilms is completely different from that of planktonic
(i.e. freely suspended) bacteria, in a way that biofilm organisms confers especially
favorable properties including resistance to antimicrobial agents [61]. Biofilm-related
infections on medical devices and the high-level drug tolerance of bacteria living in such
biofilm-associated state provide a starting point for the onset of chronic infections in
humans. This has boosted the development of effective strategies to control or prevent
biofilm-associated infections, which requires a thorough understanding of the biofilm

development process [62].

Biofilm formation is a developmental process comprising of different stages
including reversible adhesion, irreversible attachment possibly spreading, proliferation,
maturation and dispersion (Fig. 2.5) [60, 63-65]. Firstly, bacterial motility associated to
flagella or fluid stream deliver planktonic bacteria to solid surfaces. Extracellular
organelles, such as flagella, curli, fimbriae (or pili), and outer membrane proteins, help

bacteria to interact with surfaces [66]. In this first stage of biofilm formation, such
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interactions depend on properties of both bacterial cells and the substrate surfaces (e.g.,
charge, hydrophobicity, and stiffness) [67, 68]. After this initial adhesion, attached cells
start to produce extracellular polymeric substance (EPS), which may promote the transition
of bacterial adhesion from reversible to irreversible attachment. In general, this transition
vary depending on strain and physico-chemical interactions of outer membrane molecules
with surface [69]. Secretion of EPS is stimulated by cell-to-cell communication, typically
known as quorum-sensing system (QS), which regulates a variety of other cellular
functions, such as motility and production of secondary metabolites [70]. As cells replicate
and EPS accumulates, biofilm maturation takes place with microcolonies growing into
three-dimensional (3D) structures. The next step in some mature biofilms, known as
dispersion, is cells detachment and reattachment to surface in new environmental niches

[65, 69].

Figure 2.5 Diagram showing the development of a biofilm as a five-stage process. Stage 1: initial
attachment of cells to the surface. Stage 2: production of EPS resulting in more firmly adhered
irreversible attachment. Stage 3: early development of biofilm architecture. Stage 4: maturation of
biofilm architecture. Stage 5: dispersion of single cells from the biofilm [65].
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2.2.4. Oral biofilms and ecological succession

Human oral microbiota, one of the most diverse human colonizing biofilms, is the
habitat of around 700 individual taxa, in which 100 to 200 different species belong in the
healthy mouth of any individual [65]. Half a century of traditional bacteriological
investigation made oral microbial communities one of the best-described human microbial
systems due to its accessibility. It is nowadays possible to identify novel microorganisms
responsible for oral diseases [71]. However, analyzes of biofilm composition from diseased
sites are difficult to interpret because biofilm-mediated diseases occur at sites with pre-
existing resident microflora, in contrast to classical medical infections in which one single
pathogen may be isolated from an infected site that is (a) normally sterile or (b) not usually

colonized by that organism [72].

Establishment of oral biofilm architecture and microbial community interaction
follows an ordered sequence of events that results in a well-organized and distinct
architecture [71, 73]. For tooth surfaces, acquired pellicle formation is the preconditioning
stage that defines the reversible—irreversible attachment of the colonizing bacteria [74]. If
the environment provides essential nutrients and favorable conditions, early colonizers
starts to divide. As soon as proliferation occurs and new species are recruited (late
colonizers), local environmental conditions are modified by the presence of the sessile
bacterial population, favouring additional diversity by making the site suitable for
colonization by more fastidious species. These later colonizers bind to the already attached
species via adhesin-receptor mechanisms (a process termed co-aggregation or coadhesion)

[75, 76]. The first stage is dominated by Gram-positive cocci, especially streptococcal
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species, while second and third stages respectively allows cross-linking via fusobacterium

species, and predominant colonization by Gram-negative organisms (Fig. 2.6)[72].

Adhesin Receptor

Late |
Colonizers

Tooth Surface

Figure 2.6 Spatiotemporal model of oral bacterial colonization, showing recognition of salivary
pellicle receptors by early colonizing bacteria and coaggregations between early colonizers,
fusobacteria, and late colonizers of the tooth surface [75].
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Once established, the composition of resident microflora remains stable over time.
This stability, termed microbial homeostasis, stems not from low metabolism of the
resident microflora but reflects a highly dynamic state in which the proportions of
individual species are in balance due to the many interactions, both synergistic and
antagonistic [72, 77]. Marsh proposed the ecological plaque hypothesis: a change in a key
environmental factor (or factors) triggers a shift in the equilibrium of resident plaque

microflora to disease-associated species composition [77].

In agreement with this hypothesis, some environmental conditions, including
exposure to high-sugar-content foods and tobacco smoke, promote changes in biofilms,
then favoring development of pathogenic dental plaque. Depending on the characteristics of
diet as well as acidogenicity and aciduricity (acid tolerance) of the commensal oral bacteria,
some factors lead to ecological shifts in the composition of plaque bacterial community and
subsequently increase the risk of caries. Inefficient and insufficient oral hygiene practices,
aging processes, genetic factors, and immune changes in the host also can generate

conditions that encourage plaque microbiota to a disease-associated state [72, 74].

According to Loesche’s ‘specific plaque hypothesis’,[78] Streptococcus mutans and
Streptococcus sobrinus are important bacteria in the initiation of enamel demineralisation,
while Lactobacillus caseii is assumed to have greater importance after initial progression of
the carious lesion. Nevertheless, such studies have shown that caries is associated with

increases in proportions of acidogenic and aciduric bacteria, especially but not strictly
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mutans streptococci (such as Streptococcus mutans and Streptococcus sobrinus) and

lactobacilli, which demineralize enamel [72, 78].

It is now widely accepted that microbial etiology in relation to caries disease needs
to be considered in terms of their activity rather than simply the specific name of species.
Acid production (acidogenicity), acid tolerance (aciduricity), and extracellular and
intracellular polysaccharide production are associated with cariogenic bacteria. Although
other bacteria also display such activities to varying degrees, cariogenic traits are optimally
expressed by mutans streptococci [38, 76, 79, 80]. Thus, the development of novel
technologies in dissecting the physiology of S. mutans have placed this bacteria in an
interesting position to further advance basic microbiology research, as a new Gram-positive

model organism [81].

2.2.5. Development of antibacterial dental materials

Dental materials have been found to accumulate more dental biofilm, when
compared with enamel surfaces. There is strong evidence that biofilm formation contributes
to the chemical and mechanical degradation of resin composites, i.e., the lack of inhibitory
effect against cariogenic bacteria such as Streptococci mutans. Furthermore, adhered
bacteria infect the neighboring soft and hard tissues, including the enamel, dentin and
gingiva. Consequently, recurrent caries evolve around these restorations that, as a matter of
course, are treated by restoration replacement, resulting in additional hard tissue loss.
Therefore, one of the strategies to elongate the survival time of dental resin composites has

been focused on antimicrobial treatment [82].
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New paradigms on caries etiology have being focusing on ecological factors and
multiple bacterial species, rather than just on the traditional caries pathogens. In 2009, ten
Cate [3] have urged the necessity for antibacterial approaches to improve caries control,
since effective antimicrobial therapies would broaden the arsenal of caries-preventive
products, and make prevention less dependent on fluoride. The mechanism of this fluoride-
antimicrobial approach may be effective due to the fact that fluoride affects the critical pH
(at which dissolution starts to occur) and antimicrobials affect the depth of the Stephan
curve [83]. Figure 2.7 represents the pH response of dental plaque following the
consumption of fermentable carbohydrates (panel A), how this is affected by the use of
fluoride (panel B) or by fluoride plus antimicrobial treatments (panel C). Therefore,
reducing the amount and virulence of dental plaque could work synergistically with
fluoride therapies. Also, findings on the development of biofilms and their reduction might

be applicable to the development of oral biofilm remedies [3].
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Figure 2.7 Stephan curve. Schematic drawing of the pH of dental plaque following the
consumption of fermentable carbohydrates (panel A). Panels B and C illustrate how the pH profile
and critical pH are affected by the use of fluoride (panel B) or the combination of fluoride and
antimicrobials (panel C) [3].
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An antibacterial component may be incorportated to composite materials through
modifications made to the filler particles or the resin matrix. These strategies can be
divided into two groups: a released soluble antimicrobial agent, or a stationary non-released

antibacterial agent [82].

Generally, dental composites consist of 70-90% (w/w) glass filler. Various
modifications of the filler components have been reported to achieve antibacterial resin
composites using soluble agents: strontium fluoride (SrF2) and ytterbium trifluoride (YbFs)

[84, 85], silver ions [86], Ag-silica glass [87] and zinc oxide (ZnO) [88].

Although a soluble agent may be gradually discharged from the bulk of the material
over time, the agent’s release has several disadvantages: an adverse influence on the
mechanical properties of resin-based materials, the release of the agent possibly generating
a porous structure, time-limited efficacy, and possible toxicity to the adjacent tissues given
that the rate of diffusion can be difficult to monitor. The ability of the restorative dental
material to withstand functional forces is an important requirement for their long-term
clinical performance. To be clinically acceptable, modified materials must provide superior
antimicrobial activity without compromising the mechanical properties. Soluble
antibacterial agents that have been introduced are of low molecular weight, such as
antibiotics, fluoride, chlorhexidine, silver ions, iodine and quaternary ammonium

compounds [82, 89-91].

Non-released antibacterial agents were used to modify the filler particles in resin-
based materials and to produce an antibacterial effect as well. For example, Yoshida et al.

[92] report that an experimental resin composite containing silver-supported antibacterial
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material (SSAM) into SiO2 fillers inhibit the growth of S. mutans. Composites
incorporating SSAM at 5 wt % or more of Novaron (N-5) and 7 wt % or more of Amenitop
(AM-7) inhibited the growth of S. mutans after immersion in water for 6 months. There was
no or extremely little release of silver ions from the N-5 and AM-7 composites after 1 day
or after 6 months of immersion in water. According to the authors the antibacterial effect is
achieved through direct contact of the bacteria with the silver-composites. However, it
remained unclear whether the activity of resin composites incorporating SSAM used in this
study can be attributed to the catalytic action of silver at the surface of the resin composite

or to an anti-adhesion property of the surface.

An additional contact inhibition bactericide-immobilized filler contains 12-
methacryloyloxydodecylpyridinium bromide (MDPB). The MDPB component, which
maintains favorable mechanical properties in resin composites after aging, is more
advantageous than agent releasing composites. Furthermore, MDPB is more preferable than
immobilized silver agents regarding color stability, an important property for esthetic

restorative materials [93].

However, matrix modification can be achieved by the addition of non-released
antibacterial agents more readily than by filler modification. Non-released insoluble
antibacterial agents can inactivate target microorganisms by contact without being released
from the carrier material. This mechanism is based on immobilized bactericides, which

have the advantage of being nonvolatile and chemically stable [82].

Antimicrobial approaches should ideally prevent plaque biofilm formation without

affecting the biological equilibrium within the oral cavity. Use of nanotechnology offers the
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possibility to control the formation of these and other oral biofilms through the use of
nanoparticles with biocidal, anti-adhesive and delivery capabilities. When particles are
reduced to nanometer size, the resultant properties such as hardness, active surface area,

chemical reactivity, and biological activity are all altered [89, 94].

Since the bacterial cell surface is normally negatively charged, a structure-activity
relationship analysis has revealed that antibacterial surfaces have to be hydrophobic (but

not excessively so) and/or positively charged [95].

Metal and other nanoparticles have been combined with polymer or coated onto
surfaces, which may have a variety of potencial antimicrobial application within the oral
cavity [96]. Zinc oxide (ZnO) nanoparticles have undergone testing using biofilm culture
test systems. ZnO nanoparticles blended into a variety of resin-based dental composites
were shown to significantly inhibit S. sobrinus biofilm growth at concentrations in excess
of 10% (w/w) over a 3-day test period. However, the structural characteristics of such

composites would need to be carefully assessed with a 10% ZnO loading [97].

Compared with free silver ions, reduced silver nanoparticles incorporated into a
polymeric matrix provide a large reservoir of those ions that can be released in a more
controlled manner at a steady rate, allowing for long-term antibacterial effects [98]. The
direct incorporation of silver nanoparticles into a polymer matrix is a common strategy for
preparing antibacterial resinous materials. However, silver nanoparticles are difficult to
disperse, as nanosized particles tend to aggregate [99]. In 2011, a new technique for
preparing dental polymers with evenly dispersed silver nanoparticles was described using

coupling photo-initiated free radical polymerization of dimethacrylates with in situ silver
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ion reduction. The experimental composites containing 0.08 % of silver nanoparticles

exhibited a 30% reduction in bacterial coverage [4].

Ahn et al. demonstrated that incorporation of silver nanoparticles into bonding
adhesives was successful on both physical and antimicrobial level. The experimental
composite adhesives (ECAS) had rougher surfaces than conventional adhesives owing to
the addition of silver nanoparticles, although bacterial adhesion to ECAs was shown to be
less than that to conventional adhesives. As shown by the comparison of the effect of
salivary pellicles on the adhesion, silver nanoparticles were capable of penetrating the
saliva coating. The experimental material may be effective in preventing enamel
demineralization around orthodontic brackets where most white spot lesions are present

[100].

Studies from Cheng et al. [101, 102] characterized novel antibacterial dentin
primers and adhesives (resin-based materials) containing quaternary ammonium
dimethacrylate (QADM) and nanoparticles of silver (AgNP). Scotchbond Multi-Purpose
bonding system (3M, St. Paul, MN), referred as “SBMP”, was used as base material for
modification. According to the manufacturer SBMP etchant contains 37% phosphoric acid
and SBMP primer contains 35-45% 2-hydroxyethylmethacrylate (HEMA), 10-20%
copolymer of acrylic/itaconic acids, and 40-50% water. SBMP adhesive contains 60—70%
BisGMA and 30-40% HEMA. The presence of those antibacterial agents proved not
compromise the dentin shear bond strength of the material. Adding QADM or NAg
markedly reduced the biofilm viability, compared to control, but both together had a much
stronger antibacterial effect than using each agent alone (p-value < 0.05). Morevover,

bonding agent with AgNP suppressed gtfB, gtfC and gtfD gene expressions of S. mutans

33



both on its surface and away from its surface. Also it did not adversely affect fibroblast

cytotoxicity, compared to control (p-value < 0.01)[103].

If on one hand the research for anti-adhesive materials in resin-based restoratives
has increased in the last 5 years, the development of aqueous cements with antibacterial
activity receives little attention. The few attempts to modify glass ionomer cements was not
directly addressed to water-based cements. Xie et al. [104] developed a newly synthesized
poly (quaternary ammonium salt) (PQAS)-containing polyacid to formulate resin modified
glass-ionomer cements (RMGIC) and study the effect of the PQAS on the compressive
strength and antibacterial activity of the formed cements. The PQAS-containing cements
showed a significant antibacterial activity, accompanying with an initial compressive
strength reduction. The effects of the chain length, loading and grafting ratio of the QAS
were significant. Increasing chain length, loading, grafting ratio significantly enhanced

antibacterial activity but reduced the initial compressive strength.

In further study, Weng et al. [105] developed a polyacid constructed from a novel
furanone derivative and formulated into experimental high strength cements (RMGIC). The
results show that all the formulated furanone-containing cements showed antibacterial
activity, with an initial reduction in compressive strength (CS). The effect of the furanone
derivative loading showed antibacterial activity against both S. mutans and Lactobacillus
sp. Increasing loading enhanced the antibacterial activity but reduced the initial CS of the
formed cements. A 30-day aging study indicated that the cements may have long-lasting

antibacterial activity.
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2.2.6. Antibacterial activity of silver

By 1800, there was wide acceptance that wine, water, milk, and vinegar stayed pure
for longer periods of time when stored in silver vessels. Privileged families used silver
eating utensils and often developed a bluish-gray discoloration of the skin, thus becoming
known as ‘‘blue bloods.”” The prevalence of argyria prior to 1800 has not been
documented, but it was reported to be associated with a reduced mortality rate during
epidemics of plague and other infectious diseases. Silver nitrate also was used successfully
to treat skin ulcers, compound fractures, and suppurating wounds. In the first half of the
20th century (until the introduction of antibiotics), silver was used in large extent as
aqueous colloidal dispersion for oral consumption (also for the prevention of infection).
Whereas such therapies generally were safe, it was shown that high doses of silver, when
given parenterally, could cause convulsions or even death, and that oral administration of
huge doses could cause gastrointestinal disturbances. The total dose of silver needed to
cause argyria was approximately 0.9 g of metallic silver. In only 16 of the 239 cases where
silver was given for medical indications had it been used for less than one year, and most of

the patients with argyria had taken silver for a much longer time, as long as 20 years [106].

Studies have recently reported that macroscopic silver metal objects continuously
release nanoparticles, a remarkable observation. Given this fact, it is important to notice
that metallic silver is used in alloys, for example in dental alloys, that have been used for

more then a century in dental practice [107].

As a noble metal (E° =+ 0.80 V), silver is not attacked by water or acids. However,

silver metal continuously releases small amounts of ions, which act antibacterially at the
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metal surface. As oxidizing agent, dissolved oxygen (O) in particular comes into play (E°
=+ 1.23 V), whereby the oxidation can be enhanced by complexation of the released silver

ions by inorganic ions or organic molecules [108].

The bactericidal effect of silver ions (SI) on microorganisms is very well known;
however, the bactericidal mechanism is only partially understood [89]. A silver cation is a
soft Lewis acid that has an affinity to sulfur, but also to nitrogen. Studies have shown that
the positive charge on the Ag+ ion is critical for antimicrobial activity, which allows the
electrostatic attraction between the negative charge of the bacterial cell membrane and
positively charged nanoparticles [109]. Thereby, it has many possibilities to disturb
biochemical processes. Besides the formation of sparingly soluble silver salts (AgCl,
AQ>S), the adverse effect of silver ions is due to interactions with thiol and amino groups of
proteins, with nucleic acids, and with cell membranes [108]. It has been proposed that ionic
silver inactivates vital enzymes by strongly interacting with their thiol groups [110, 111]. It
has been shown that the expression of ribosomal subunit proteins and other cellular proteins
and enzymes necessary for ATP production becomes inactive [112]. Experimental evidence
suggests DNA loses its replication ability once the bacteria have been treated with SI [113].
Still, structural changes in the cell membrane as well as the formation of small electron-

dense granules formed by silver and sulfur were observed [113, 114].

Brett [115] conducted a literature review of six relevant and frequently discussed
topics. Pre-clinical and clinical study data suggest that: a) bacterial resistance to silver may
occur, b) silver dissociation is affected by the test medium used, c) bactericidal activity
differences may be a function of the bacterial strain used for testing, d) higher rather than

lower levels of silver may be needed because Ag+ binds to proteins and nucleic acids, €)
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rapid delivery of silver (i.e., rate of kill) may be a positive factor when considering
prevention of silver resistance and biofilm formation, and f) based on the vast majority of in
vivo studies available, silver does not adversely effect mammalian viable cells; thus, is not

cytototoxic. However, continued research into the implications of the data is warranted.

In biological environments, Sl precipitate as silver chloride or form complexes with
biomolecules. Silver nanoparticles will form a protein corona and change their properties,
sometimes leading to agglomerates and precipitation. In this context, Teeguarden discussed

the aspects of particle dosimetry in vitro [116].

The development of bacterial resistance against silver was extensively studied by
Simon Silver [117]. Mechanistically, cells protect themselves by increasingly pumping out
silver ions. The studies showed that the resistance against silver in Salmonella is coded by
pPMG101 plasmids, or more specifically plasmids with sil genes. Moreover, he also
suggested that Ag" resistance might exist widely but is not known in the absence of a ready
means of testing [117-119]. Still, bacteria are far less likely to acquire resistance to metal
nanoparticles than they are to othe conventional and narrow-spectrum antibiotics. This is
thought to occur because metals may act on a broad range of microbial targets, and many
mutations would have to occur in order for the micro-organisms to resist their antimicrobial

activity [120].

Silver ions have been demonstrated to be useful and effective in bactericidal
applications, but the antimicrobial mechanism requires the continuous release of
appropriate concentrations of silver ions. Morevover, silver ions might have only limited

usefulness as an antimicrobial agent as they get inactivated easily upon reaction with
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biofluids, such as saliva. For those reasons, the unique properties of nanoparticles, acting as
resevoirs of ions, presents a reasonable alternative for development of new bactericides and
more specifically anti-adhesive surfaces [121]. Allaker postulated that nanoparticles may be
delivered in high concentrations in situations where antibacterial activity is needed, in
contrast to general bactericidal applications, where the active typically gets bound to the

EPS matrix of the biofilm or is otherwise de-activated [94].

With respect to metallic nanoparticles, the biocidal effectiveness has been suggested
to be both due to their size and Sl release (related to the high surface-to-volume ratio)
[122]. At the nanoscale, Ag+ ions are known to be released from the surface of base
materials incorporating nanoparticles [122-124]. Sotiriou and Pratsinis proposed that the
antimicrobial activity of small (<10 nm) nanosilver particles is dominated by Ag+ ions,
whilst for larger particles (>15 nm) the contributions of Ag+ ions and particles to the
antibacterial activity are comparable, with the Ag+ ion release being proportional to the
exposed nanosilver surface area [125]. It is suggested that a bacterial cell in contact with
silver nanoparticles will take up Ag+ ions, which possibly in turn will inhibit respiratory
enzymes and so help to generate free radicals and subsequent free-radical-induced damage
to the cell membrane. To determine the relationship between free radical formation and
antimicrobial activity, the use of antioxidants does suggest that free radicals may be derived

from the surface of silver nanoparticles [109].

Espinosa-Cristobal et al. [126] evaluated three different sizes of AgNP (9.3, 21.3
and 98 nm) over adherence capacity of S. mutans on healthy human dental enamel (ex

vivo). The results concluded that Sl released from AgNP had adherence inhibition activity
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as well as antimicrobial effect in ex vivo form. This anti-adherence property is associated

with smaller particle size (9.3 and 21.3 nm), probably due to its potential of oxidation.

The use of medical devices containing silver must be undertaken with caution, since
a concentration-dependent toxicity has been demonstrated. However, silver has been
described as ‘oligodynamic’ due to its ability to exert bactericidal effect at very low
concentrations. A systematic review pointed out the typical results of the action of silver on
single-celled organisms. Although the results are not strictly comparable owing to different
experimental conditions and different silver species, it can be concluded that the toxic
concentrations and inhibitory concentrations are in the range of 0.1 to 20 mg. L™ [108].
However, there are studies with normalized amount of silver that analysed the effect of
silver nanoparticle size on toxicity. It was indicated that smaller silver nanoparticles have a

higher toxicity than larger silver nanoparticles or silver microparticles [127-130].

2.3. SILVER NANOPARTICLES

2.3.1. Optical properties of AgNP

The optical properties of small metal nanoparticles depend strongly upon the
particle size and shape. These effects are due to the so-called localized surface plasmon
resonance (LSPR), which is a coherent oscillation of the surface conduction electrons
excited by electromagnetic (EM) radiation [131]. A schematic diagram is presented in

Figure 2.9.
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Figure 2.9 Schematic diagram illustrating a localized surface plasmon ressonance (LSPR)[131].

After EM excitation, the electrons are displaced from the equilibrium position,
generating a dipole. If the field is later removed, they will oscillate with a certain frequency
that is called plasmonic frequency. Although it is not possible to observe directly the
electrons movement to determine their oscillating amplitude, this amplitude can be
determined indirectly. The electronic oscillation implies an increase of kinetic and
electrostatic energies associated to the electric fields of the dipole. As energy must be
conserved, this increase of energy must be provided by the illuminating light. Therefore,
light extinguishes partially when exciting surface plasmon (SP) inside the nanoparticle. The
larger the electron oscillations, the larger the light extinction, so the optical absorption
spectrum allows to detect the excitation of SP. The resonant frequency for these oscillations
in metallic nanoparticles corresponds typically to UV-Vis light and consequently, the SP

arise absorption bands in this region [132].
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Besides surface plasmon, there are other possible electronic excitations in metallic
NPs that may be analised, for example, interband transitions. In the case of silver, both SP
band and interband transition absorption edge are well resolved, as can be visualized in
Figure 2.10. SP absorption is fairly larger than that of the interband transitions despite the

fact that the absorbing centre is the same for both processes [132].
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Figure 2.10 Optical absorption spectra for AgNP with 40 nm size (embedded in a silica
matrix)[132].

Only metals with free electrons (essentially Au, Ag, Cu, and the alkali metals)
possess SP in the visible spectrum. The oscillation wavelength depends on a number of
factors, among which particle size and shape, as well as the nature of the enviroment in

which the metal particles are dispersed, are the most important. The refractive index of the
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surrounding medium, as well as the average distance between neighboring metal

nanoparticles, has been shown to influence the spectral features [131, 133, 134].

Aspects of SP properties can provide a clue of some characteristics of the

nanoparticle population:

1. The predominant aspect will depend on the NP size range. As a general
approach, for small size range ( < 50 nm), dependence of the SP affects
mainly the width and the intensity of the resonance band. For size above 50
nm, the resonance band splits into several peaks: two peaks for quadrupole,
three peaks for an octopole, etc.

2. Size dispersion induces a broadening of the absorption band. As Figure 2.11
illustrates, the larger the size dispersion, the wider the absortion band. Thus,
it is not possible to determine the size of the NPs just from the FWHM of the
absorption band, as it depends on two parameters: average size and size
distribution width.

3. Interparticles interaction red-shift the resonance band increasing the FWHM,
in general. The resulting spectra is composed by the intrinsic bands of the
spherical nanoparticles and a new band, arising from interparticle plasmon

coupling [132, 135].
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Figure 2.11 (left) Size distributions and (right) optical absorption spectra for Ag NPs both with 10
nm average size but different size dispersion calculated according to the Mie theory and using
nm=1.5[132].

2.3.2. Synthesis of AgNP

Advances in the field of nanoscience and nanotechnology largely depend on the
ability to synthesize nanoparticles of various different materials, sizes, and morphologies.
Therefore, various approaches have been developed to control these parameters and, hence,
meet the requirements for various applications. Though nanoparticles can be generated by
physical approach (such as evaporation, arc discharge and laser ablation, etc.), chemical
approach is one of the preferred methods for fabricating a wide variety of nanoparticles.
Still, there are certain methodologies such as the preformed-seed-mediated growth

approach, high-temperature polyol synthesis, template-based electrochemical synthesis,
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photochemical techniques, etc., which are emerging as popular ways of developing

anisometric nanoparticles [136].

Silver nanoparticles are prepared by the controlled reduction of silver salt solutions
using appropriate reducing agents. These include strong chemical reducing agents such as
sodium borohydride, weak reducing agents such as ascorbates, citrates, alcohol as well as
polyols, by irradiation using gamma rays, ultra violet-visible (UV-Vis) rays, microwave as

well as ultra sound [121, 137].

Generally, metal nanoparticles are formed from their ions in solutions through
nucleation followed by growth. The nucleation process requires high activation energy
where as the growth process is diffusion-controlled and requires low activation energy
[138]. The size and distribution of the metal nanoparticles mainly depends on the relative
rates of these two processes. In the case of AgNP, the relative rates of the nucleation and
growth processes can be controlled by varying reaction parameters such as concentration of

the reactants, potency of the reducing agent, pH and the reaction temperature [121].

The photo-induced synthetic strategies can be categorized into two distinct
approaches, the photophysical and photochemical ones. The former prepares NP via the
subdivision of bulk metals and the latter generates NPs from the zero-valent metal (M°)
originated from molecular or ionic precursors. The essential of the photochemical approach
is formation of M° under the conditions that prevents their precipitation. Moreover,
photochemical processes are classified in two methods: (a) direct electron transfer, which
M? is formed by the direct photoreduction of a metal source (metal salt or complex); (b) or

by photosensitization, where reduction of metal ions takes place using the photochemically
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generated intermediates, such as excited molecules and radicals. Those methods are

illustrated in Figure 2.12 [139].
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Figure 2.12 Systematic scheme of photochemical synthesis of metal nanoparticles [139].

Under photochemical conditions, electron transfer becomes possible even when
such a reaction is impossible in the ground state. In order to achieve exothermic electron
transfer in the ground state, the energy of the highest occupied molecular orbital (HOMO)
of the reductant must be superior to that of the lowest unoccupied molecular orbital

(LUMO) of the oxidant. In the excited state, LUMQO’s (with respect to the ground state) are
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occupied by one electron. Both frontier orbitals become singly occupied (SOMO). Electron
transfer can occur from the higher SOMO of the excited donor molecule into the LUMO of
the acceptor (a) or from the HOMO of the donor in its ground state to the lower SOMO of
the excited acceptor molecule (b), which are represented in Figure 2.13. In the
photoinduced electron transfer, the positive free enthalpy of the corresponding process in

the ground state is compensated by the excitation energy [140, 141].
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Figure 2.13 Scheme of conditions for achieving electron transfer [140].

In photochemically sensitized reactions, light absorption not of the substrate but of
the sensitizer leads to a chemical transformation. In the case of a photochemical electron
transfer, the excited sensitizer can either abstract an electron or transfer an electron to one

of the substrate molecules. The resulting radical ion of the substrate then undergoes
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chemical transformations (e.g., deprotonation). In several of these reactions, the sensitizer
is consumed and therefore used in large amounts. Currently, such processes are optimized
in order to regenerate the sensitizer during the photochemical transformation. The
sensitizing compound is then only needed in a catalytic amount and, in some cases, can be
readily recovered after the reaction. Under these conditions, the sensitizer fulfills the

criteria of a catalyst [140, 142].

The main advantages of the photochemical synthesis are as follows. (i) It provides
the advantageous properties of the photoinduced processing, that is, clean process, high
spatial resolution, and convenient useful, (ii) the controllable in situ generation of reducing
agents; the formation of NP can be triggered by the photo irradiation, and (iii) it has great
versatility; the photochemical synthesis enables one to fabricate NP in various mediums

including emulsion, surfactant micelles, polymer films, glasses, cells, etc [139, 140].

The amount of energy conferred on a chemical system by using photons can be
carefully controlled by the wavelength and intensity of the exciting light, in relation to the
absorption spectrum of the targeted species. Such an energy can be transmitted to
molecules without physically connecting them to the source (no ‘wiring’ is necessary), the

only requirement being the transparency of the matrix at the excitation wavelength [143].

Aqueous solutions of silver nanoparticles are not stable due to the high reactivity of
AgNP. In most of the preparation routes, irrespective of the reduction process the metal
atoms coalesce into oligomers, clusters and eventually form precipitates upon storage [123,
144]. However, the precipitate formation can be significantly reduced if cluster stabilization

is achieved using appropriate stabilizing agents [138, 145].
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Essentially, nanoparticles stabilization is usually discussed in terms of two general
categories of stabilization, electrostatic and steric. These include coating nanoparticles
using thiol compounds, encapsulation of the particles in microemulsions, polymer
assemblies or using dendritic structures [121]. The capping or protective agents not only
protects the nanoparticles from precipitation but also play a critical role in the size, size
distribution, morphology and the biocompatibility of the resulting silver nanoparticles. In
certain cases the stabilizing agent itself acts as a reducing agent, resulting in a one step

synthesis of AgNP [121].

Electrostatic stabilization is achieved by the coordination of anionic species, such as
halides, carboxylates or polyoxoanions, to metal particles. This results in the formation of
an electrical double layer (really a diffuse electrical multilayer), which causes coulombic
repulsion between the nanoparticles. Steric stabilization is achieved by the presence of
typically organic materials that, due to their bulk, impede the nanoparticles from diffusing
together. Polymers and large cations such as alkylammonium are examples of steric
stabilizers. The choice of stabilizer also allows one to tune the solubility of the

nanoparticles [137, 146].

A wide range of polymers have also been investigated as stabilizing agents for silver
nanoparticles. Poly(vinyl pyrrolidone) (PVP) is considered as one of the excellent
polymeric stabilizing agents for AgNP. Apart from stabilization, PVP has an accelerating
effect on the chemical reduction process during NP’s formation. The mechanism of
protection of AgNP by PVP is due to the coordinate bonds between nitrogen and silver to

form the protection layer in the case of particles with diameter lower than 50 nm. Other
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polymers investigated as stabilizing molecules for AgNP include polyacrylates, poly(vinyl

alcohol) polyacrylonitrile and polyacrylamide [121].

Optical irradiation can provide a relatively easy, controlled reduction of metal salts.
Photochemical reduction involves ultra-violet (UV) irradiation of the metal-precursor
solution in the presence of an electron-donating reagent. UV irradiation has been

successfully applied to develop shape-controlled synthesis of AgNP [136, 147, 148].

In 1990, Linnert et al. [149] described the best conditions for cluster formation in
the reduction of silver ions. Radiation produces hydrated electrons in aqueous solutions,

which are known to reduce silver ions:
Agt+ ey = Ag° @
It is also known that the atoms thus formed rapidly are complexed by Ag* ions:
Ag°+ Ag* = Ag3 )
and that the Agz" ions dimerize:
24g; = Agi (3).

The absorption spectra of these species have also been observed (maxima at 360 nm

(Ag®), 310 nm (Ag?"), and 275 nm (Aga*).

Silver clusters were reported to be formed as long-lived intermediates during the
reduction of SI when the reduction is carried out in the presence of a polyanion. When the

solution of clusters is illuminated with 308 nm light, where all the clusters have some
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absorption, the cluster bands rapidly disappear and the PS absorption band of metallic silver
appears. Light catalyses the conversion of small clusters into larger particles. The proposed

mechanism contains the following elementary steps:

(Ag)n + 2hv - (Ag)y + eqq 1)
(Ag)w +eqq — (Ag)y (2)
(Ag)w - (Ag)n-1 + Ag™ 3)

where (Ag), is the silver cluster containing n atoms of silver and e is the electron in

aqueous solutions [149].

Henglein et al. analysed the reactivity of the clusters towards nucleophilic reagents.
They suggested that it is explained by the high coordinative unsaturation of the silver atoms
in the clusters. This also explains the stabilization of the clusters by polyanionic polymers.
Investigating the reactions of larger silver particles, which already have metallic properties,
with complexing agents, also complemented these reactivity studies. The oxidative
corrosion of such particles is strongly accelerated by the complexing agents. A mechanism
for the catalysis of the oxidative corrosion was proposed, in which the main steps are the
complexation of silver atoms on the surface with simultaneous electron transfer into the
metal interior (“pre-complexation” or ‘“pre-oxidation” of surface atoms) followed by

capture of the electrons by oxygen [150].

Zhang et al. [151] prepared silver clusters and nanoparticles by reduction of silver

nitrate by sodium borohydride in water, in the presence of polyacrylate ions, and in inverse
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micellar solutions consisting of Laureth 4 and water. The formation of Ags®" aggregates
and Age® in the presence of polyacrylate ions was critically dependent on the manner in
which reactants were combined. The procedure of adding aqueous sodium borohydride
solution into the inverse micellar solution containing silver nitrate gave the most uniform
spherical silver nanoparticles. The action Kinetics of this procedure was investigated
through UV-Vis spectra, which indicated that the generation of AgNP occurred in parallel
with the disappearance of smaller clusters, and was characterized by a single exponential
with a time constant of about 18 s, followed by aggregation into much larger particles. The
formation of small silver clusters is found to be an extremely rapid process in aqueous
solutions, in the presence of polyacrylate ion, and in microemulsion media. Following the
initial burst of small clusters, the subsequent aggregation kinetics determines the size and
distribution of final particles. Larger nanoparticles are stable for more than a month because

of the protection of the surfactant molecules at the interface.

Mallick et al. [152] used methoxypolyethylene glycol (MPEG) to generate free
radicals in the presence of UV radiation and acting as the reducing agent towards the silver
ion. MPEG also served as a stabilizer of the silver particles formed. They described the
mechanism as a two-step process, i.e., nucleation followed by successive growth of the
particles, showed in Figure 2.14. In the first step, part of the metal ions in solution is
reduced by a suitable reducing agent. The atoms thus produced act as nucleation centers
and catalyze the reduction of the remaining metal ions present in the bulk solution. The
atomic coalescence leads to the formation of metal clusters and can be controlled by
ligands, surfactants or polymers. OH- radicals can oxidize the ions or the atoms to the

higher oxidation state and thus counter balance the reduction process. For this reason, the
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solution generally contains a scavenger of OH- radicals. The preferred choice is solutes

whose oxidation by OH- yields radicals that are unable to oxidize the metal ions but also

have strong reducing properties.
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Figure 2.14 Schematic representation for the nucleation and growth for the silver particles [152].

Hu et al. [153] described that the use of poly(acrylic acid) (PAA), in place of

poly(vinyl pyrrolidone) (PVP) in the conventional polyol process, significantly limits the
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growth of silver nanocrystals, prevents the interparticle aggregation and fusion, and leads to
a uniform population of samples with high water solubility. The size of nanocrystals can be
conveniently tuned by controlling the reaction time, the concentration and chain length of
the polymeric surfactants, and the reaction temperature. The strong coordination of
carboxylate groups to silver surface makes PAA an ideal surfactant for polyol process for
the controlled synthesis of silver nanocrystals with sizes below 20 nm. An additional
benefit of using PAA as surface ligand is that the uncoordinated carboxylate groups on the
polymer chains provide the products excellent water solubility. Moreover, Zhang et al.
[154] have also described that uncoordinated carboxilic groups from the PAA attribute to

the nanoparticles a higher degree of dispersivity in water.

In 2008, Huang & Yang [155] developed a simple method for preparing silver
nanoparticles via photoreduction of AgNOs in layered laponite. The properties of silver
nanoparticles were studied as a function of the UV irradiation time. A bimodal size
distribution and relatively large silver nanoparticles were obtained when irradiated under
UV for 3 h. Further irradiation disintegrated the silver nanoparticles into smaller size with a
single mode distribution until a relatively stable size and size distribution were achieved.
The synthesized laponite suspensions containing silver nanoparticles are stable over several

months and have potential applications as antimicrobial ointments.

According to Balan et al. [156] three approaches have been developed for the
preparation of nanocomposites. In the first and most common method, metal nanoparticles
are mixed with or distributed in the matrix of a host polymer. However, due to the easy
aggregation of the nanoparticles, it is difficult to disperse metal nanoparticles

homogeneously into a polymer matrix by ex situ methods. In the second one, electronically
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active polymers, generally PANI, are used to reduce the nanoparticles during the
polymerization because of their ability to reduce noble metal salts into metal (0)
nanoparticles. The latter and less commonly used approach requires the dispersion of the
nanoparticles in the monomer. The polymerization is initiated in the presence of

nanoparticles, which are simultaneously trapped in the polymer network.

The idea of in situ synthesis generating photopolymerizable metal-polymer
nanocomposites have been described in the literature [156]. However, synthesizing and
stabilizing AgNP in situ a polymeric aqueous solution that will further formulate

composites polymerizable by chemical reaction have not been reported.
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II1. Objectives

3.1. GENERAL

The main purpose of the present work was evaluating a new experimental glass

ionomer cement containing silver nanoparticles (AgNP-GIC) with various silver contents.

3.2. SPECIFIC OBJETIVES

e In situ synthesis of silver nanoparticles in the polymeric solution of glass
ionomer cements;

e In vitro evaluation of mechanical, physico-chemical, antibacterial and
toxicological properties of the AgNP-GIC to validate their applicability as

water-based cements in dentistry practice.

55



IV. Materials and Methods

4.1. GLASS IONOMER CEMENT COMPOSITION

The experimental GIC used in the present work is a composite constituted by
agglutination of a polyelectrolyte matrix solution of poly (acrylic acid) (PAA) supplied by
Sigma-Aldrich and an alumino-phospho-silicate ionomer glass powder (based on system
SiO2—-Al203-P205-CaO—CaF>) produced in the Dental Physics Laboratory of the Queen

Mary University of London (England).

The polyelectrolyte solution (ionomer liquid) used in all experiments was composed
of a poly (acrylic acid) (PAA) (Mw ~ 100,000 g mol?, 35 wt. % in H20) and L-(+)- tartaric
acid (TA) (99.5%) (Sigma-Aldrich). The former was selected taking into consideration the
effect of concentration and average molecular weight of polymer solution on the viscosity
and compressive strength values of GIC, as already evaluated by previous studies [157,
158]. Besides, TA (5 or 10 wt. %) was added to the 35 wt. % PAA aqueous solution under
stirring at room temperature as chelating agent in order to control net setting reaction of

GIC for clinical applications [2, 20].
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4.2. SYNTHESIS OF SILVER NANOPARTICLES

A photochemical method by direct electron transfer was investigated in order to
induce the formation of stable silver nanoparticles in a polyelectrolyte matrix solution of

PAA and TA.

Silver nitrate (AgNO3) (99%) (Sigma-Aldrich) was added to the ionomer liquid
formulation described above to configure silver polyacrylate solutions ([-CHa-
CH(COOAQ)-]n or Ag-PA) containing increasing amount silver salt (0, 0.05, 0.10 or 0.50
wt. %) and tartaric acid (5 or 10 wt. %). These silver polyacrylate solutions containing

tartaric acid (Ag-PA-TA) formulations were the basis for reduction to AgNP.

Ag-PA-TA solutions were submitted to direct UV-light exposure within a 10 cm
distance from the source of light (254 nm, 2 x 30 W - Vilbert Lourmat). A quartz cell (1
pum) containing this formulation was gradually irradiated and monitored by UV-Vis
spectroscopy (LAMBDA 750 UV/Vis/NIR Spectrophotometer, Perkin Elmer) under
continuous UV irradiation in order to select the best configuration, based on intensity and

full widths at half-maximum (FWHM) of the UV-Vis spectra band around 430 nm.

After different times of irradiation (0, 10, 30, 60 and 90 min) the laminated
formulations were dried over a glass plate, and further analyzed by Attenuated Total
Reflectance - Fourier transformed infrared spectroscopy (ATR-FTIR). The experiment was
performed using a Perkin Elmer series 2000 FTIR spectrometer. With this technique the
lower few microns of the sample in contact with the diamond is analysed. Resolution was

set at 8 cm™* and wavelength range between 800 and 4000 cm™.
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After selection of the optimal parameters (time of irradiation and TA concentration)
for each concentration of silver salt, syntheses were carried out in a vial (8 20 mm)

containing 3 mL of the formulation.

Colloidal stability was evaluated according to their visual aspect and followed by
UV-Vis spectroscopy, since this characterization technique can provide information on

whether nanoparticle populations are growing or aggregating over time.

Morphological analysis of AgNP was performed by transmission electron
microscopy (TEM) (Philips CM200 instrument) with LaB6 cathode at accelerating voltage
of 200 KV. AgNP containing solutions were directly dropped on 400 mesh Holey Carbon
grids (Ted Pella Inc.). Size distribution of particle diameter was obtained using Image J

image processing software [159].

4.3. PREPARATION OF THE IONOMER GLASS

The experimental glass used in this study was comprised of silica (SiO), alumina
(Al203), phosphorus pentoxide (P20s), calcium carbonate (CaCOs) and calcium fluoride
(CaF2). The ratio for the glass composition is given in Table 4.1. This composition system
was chosen based on previous chemical analyses by energy dispersive spectroscopy (EDS)
of commercially available ionomer glasses, and the parameter of synthesis were previsously
studied [17, 160] at the Dental Physics Laboratory of the Queen Mary University of

London (England).
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Table 4.1. Ratio composition of the ionomer glass.

SiOp AlpO3 P20g CaO CaF»y

Content ratio 45 3 1.25 3 2

The glass was fired at 1440 °C for 1.5 hours. The crucible was removed from
furnace and glass melt was quickly quenched into deionised water to produce glass frit.
After drying, each 100 g of frit was ground in a Gyro mill (Glen Greston Wembley,
London, UK) for two periods of 7 minutes. The resulting glass powder was passed through
a 45 um mesh sieve. The glass frit was further analysed by X-ray diffraction (XRD) to

identify any phase separation.

4.4. PREPARATION OF THE CEMENTS

PAA-TA solutions containing synthesized silver nanoparticles (AgNP-PA-TA) were
hand-mixed on a glass stab with the ionomer glass powder in a powder/liquid (P/L) ratio of
2.3 (w/w). Based on the amount of silver salt added in the polyelectrolyte formulations,
AgNP-GIC samples were sorted in four groups: Without Ag (negative control); Low Ag
(0.05 %); Medium Ag (0.10 %) and High Ag (0.50 %). Samples were freshly prepared for

each of the following characterization assays.
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4.5. CHARACTERIZATION OF THE GIC

4.5.1. Net Setting Time

Measurement of the net setting time were executed according to the 1SO 9917-

1:2007 [161], for water based cements.

After the end of mixing, GIC samples were placed in a circular mould (10 mm x 2
mm). After pouring of the cement, this assembly - mould and cement specimen - was
placed under the indentor of mass (400 + 5) g, with a needle having a flat end of diameter
(1.0 £ 0.1) mm. Sixty seconds after the beginning of mixing, the indentor was vertically
loaded onto the surface of the cement and allowed to remain there for 5 s. The indentations
were repeated at 30 s intervals. The net setting time was recorded as the time elapsed
between the end of mixing and the time when the needle fails to make a complete circular

indentation in the cement.

4.5.2. Compressive Strength (CS)

CS tests were carried out according to the ISO 9917-1:2007 [161], for water based
cements. AgNP-GIC groups (Without, Low, Medium and High Ag) were compared to
Vitro Molar™ (Nova DFL, Rio de Janeiro, Brazil), as a reference of comercially available
cement. Besides, in order to evaluate the effect of UV irradiation on mechanical properties
of GIC, a formulation of PAA solution containing TA (5 wt. %) was irradiated with UV-
light during 35 minutes without any silver salt added. The resulting solution was used to

formulate the Without Ag I* group.
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Within 60 s after the end of mixing, specimens were packed to a slight excess in the
PMMA mould with internal dimensions (6.0 = 0.1) mm high and (4.0 £ 0.1) mm diameter.
In order to consolidate the cement and avoid trapping air, after filling the mould to excess,
polyester strips were placed on top, and then some pressure was applied on the bottom
plate. One hour after the end of mixing, samples were removed from the moulds and

immersed in milli-Q water at 37 °C.

Twenty four hours after incubation, the cylindrical specimens (n=8) of each group
were slightly dried and placed with the flat ends between the plates of the mechanical tester
and a compressive load along the long axis of the specimen was applied. A sheet of damp
filter paper (e.g. Whatman N® 1) was used in both top and bottom platens of the test
machine to avoid contact with the specimens. The mechanical tester operated at a cross-
head speed of (0.75 + 0.30) mm/min. The compressive strength, o, in MPa of each

specimen was determined using Eqg. (1):

_ AF
T md?

1)

where Fs was the load at fracture (N) and d was the mean original specimen

diameter (mm).
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4.5.3. Analysis of the Silver Content

GIC samples were ground into powder and submitted to Inductively Coupled
Plasma - Optical Emission Spectrometry (ICP-OES), an analytical technique used for the

detection of trace metals.

One hour after preparation, 3 samples of each group were immersed in deionized
water and incubated for 24 h at 37 °C. Depending on having or not been previously
incubated, samples were divided into “After-release” and “Pre-release”, respectivelly. 100
mg of the powdered GIC were diluted in 2.5 mL of aqueous solution of hydrochloric acid
20 % (v/v), shaked and allowed to stand for 16 h. After 10 min of centrifugation, 500 pL of
clear solution was collected and further diluted in a 10 mL volumetric flask with 1.2 mL of
aqueous solution of nitric acid 69 % (v/v). Flask volume was complemented with deionized

water.

Analyzes were performed on a Perkin Elmer equipment, model Optima 2100DV,

according to the operating conditions displayed on Table 4.2.

Silver standard for ICP-OES used in the curve was the Certified Reference Material

(CRM) SPEX CertiPrep ASSURANCE® with certified concentration of 1001 mg L.
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Table 4.2 Operational conditions of the Optima 2100DV equipment from Perkin Elmer.

Operational Conditions

RF Power (W) 1300

Nebulizer gas flow rate (L min ) 0.80

Plasma gas flow rate (L min %) 15

Sample gas flow rate (L min 1) 1.50

Nebulizer Concentric MEINHARD® Type C

Spray Chamber Cyclonic (glass) MEINHARD®
Wavelength Plasma  Curve points .

Element — m) Viewing 00 01 02 03 04 Jnits

Ag 328.068 Axial 0.0 0.1 0.5 1.0 3.0 mg/kg (ppm)

4.5.4. Surface Chemical Composition

X-Ray Photoelectron Spectroscopy (XPS) investigated the chemical composition of
the cement surfaces. Samples with increasing concentration of Ag were analysed by this

method.

The XPS was measured with a VG Scienta FG30 spectrometer using a
monochromatic Al Ko source (1486.6 eV) - VG Scienta SAX100 (X-ray source) and
XM780 (monochromator). The measurements were performed at normal incidence (the
sample plane is perpendicular to the emission angle). The spectrometer resolution at the
Fermi level is about 0.4 eV and the depth analyzed extends up to about 8 nm. All the peak
shapes were limited to Gaussian ones. The peak assignments were referenced to the Cls

aliphatic carbon set at 284.5 eV. A pass energy of 500 eV and a step size of 0.5 eV were
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used for survey spectra. For high-energy resolution spectra, a pass energy of 100 eV and a

step size of 0.1 eV were used. The size of the analysis area was 0.4 x 0.6 mm?.

4.6. IN VITRO CYTOTOXICITY TEST (INDIRECT MTT ASSAY)

MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide) is a
colorimetric assay that measures the enzymatic reduction of MTT, a yellow tetrazole, to
formazan. The viability of human gingival fibroblast cells (HGF-1) (ATCC® CRL-2014™)
cells cultured in DMEM was determined using MTT (3--2,5-diphenyl-2H-tetrazolium-

bromide; Sigma-Aldrich ref. M5655) indirect assay.

Disks (10 mm x 2 mm) of the Low, Medium and High AgNP-GIC samples, as well
as of the negative control (Without Ag) were prepared under aseptic conditions. In order to
prepare the extracts of AgNP-GIC, samples were incubated in Gibco® Dulbecco's Modified
Eagle Medium (DMEM) without serum in a proportion of 0.1 g/mL for 24 h at 37°C.
Because of alteration of the medium color to yellow, pH of the extracts were adjusted to 6.8
with NaOH (1M) and further passed through 45 um syringe filters for sterelization. In a 96-
well plate, 2,000 cells/well were cultured for 24 h in DMEM medium with 10% of fetal
bovine serum (FBS). Incubation of the cells using GIC extract (n=3) with DMEM medium
as base with 10% of FBS was carried out for 24 h. Three different DMEM media without
extract were used as negative control (NC): fresh DMEM, DMEM acidified with acetic
acid (1 M) and adjusted to pH 6.8 using NaOH (1 M) and 24 h incubated DMEM; and
several dilutions of phenol (1%, 10%, 15%, 25% and 50%) on DMEM as positive control

(PC). FBS (10 v. %) were added to each well before incubation. MTT solution (0.5 mg/mL)

64



were added directly to the cells at 37°C in a humidified atmosphere containing 5% CO; for
3 h. After the complete withdrawal of MTT, 200 pl of acidic isopropanol (0.3% vol.)
(Sigma-Aldrich W292907) was added to each well for 10 min. The optical density of the
acidic isopropanol was read at 570 nm and 595 nm was used as reference wavelength for

normalization on a microplate reader (ELX, 800UV, Biotec Instruments, INC).

4.7. AGAR PLATE DIFFUSION TEST (E. coli)

Susceptibility of Escherichia coli (E.coli) SCC1 strain [162], used as a model for
Gram-negative bacteria, to the three diverse concentrations of silver ions released from Ag-
GIC samples within the first 24 h of net setting reaction was analyzed by agar plate

diffusion test.

Bacterial cultures were prepared by spreading bacteria with sterile loop from the
stock solution (stored at -80°C) onto Petri dish containing agar-supplemented (15 g L™)
lysogeny broth (LB). After 24 h of incubation at 30°C, 1 to 3 colonies were inoculated in 10
mL of LB broth, resulting in a preculture that was further grown overnight (~ 16 h). A
second preculture was prepared by inoculating 10 % (v/v) of the last preculture in fresh
broth. After 4 h of incubation at 30 °C, bacterial suspension was adjusted to 108 cell mL*
and 100 pL was spread on agar-supplemented LB growth medium to form a thin bacterial

film.

Disks (10 mm x 2 mm) of the Low, Medium and High AgNP-GIC samples, as well

as of the negative control (Without Ag), were freshly prepared and sterilized by UV-light.
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Samples were placed in contact with the previously inoculated agar plates, in triplicate. As
positive controls, filter paper disks (10 mm of diameter) were also placed on the inoculated
agar plates after dripping with 10 puL of 2 % vol. clorhexidine digluconate (CHD). After 24
h of incubation at 30 °C, inhibition zones of bacterial growth potentially present around the

samples were measured to evaluate the potential diffusion of silver ions from samples.

4.8. SPECIFIC ANTIBACTERIAL ASSAYS (S. mutans)

Streptococcus mutans Clarke 1924 strain (CIP 103220) isolated from carious
dentine was used in order to understand the mechanisms of adhesion and biofilm formation
on the surfaces of the AgNP-GIC. This strain is the most usual in literature to test

antibacterial properties of dental materials.

4.8.1. Bacterial adhesion and biofilm development

Bacterial stock solution (stored at -80 °C) was scratched with sterile loop onto Petri
dish containing Columbia agar base supplemented with 5% of defibrinated sheep blood,
described here as Colombia Blood (CB) agar (enriched and selective medium). After 48 h
of incubation at 37 °C, 3 to 5 colonies were inoculated in 5 mL of modified Basal Medium
supplemented with mucine and glucose (MBMmg) broth, resulting in a preculture that was
further grown overnight (~ 16 h). A second preculture was prepared by inoculating 10 %

(v/v) of the last preculture in fresh broth. After 4 h of incubation, reaching the log phase at
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37 °C, the inoculum was adjusted to 107 cell mL™. Basal medium used in this protocol was

based on Wong & Sissions [163] study and further description is detailed in Table 4.3.

Disks (10 mm x 2 mm) of material samples were freshly prepared, placed into small
Petri dishes (g 35 mm) and sterilized by UV irradiation for 15 min. Samples were further
incubated in 3 mL of inoculum for 3 and 24h at 37 °C in order to analyze adhesion and
biofilm formation, respectively. Samples were then carefully rinsed to eliminate non-
adherent or loosely attached bacteria from substrate surfaces. For this purpose, 2 mL of
incubated bacterial suspension were successively exchanged by NaCl solution (0.9 g L),
kept for further bacterial concentration measurement and replaced by fresh NaCl solution (2
mL). The rinsing step was performed without direct flushing over material surfaces and by
targeting with attention to force and content of the rinsing stream towards the walls of Petri
dish. Material samples remained fully immersed in liquid during the rinsing steps, without
creating any air-sample interface. Rinsing step was repeated until measurement of

insignificant concentration of planktonic bacteria.

Material samples were kept from ambient light for 20 min in the last rinsing
solution added by SYTO® 9 Green Fluorescent Nucleic Acid Stain (Life Technologies).
They were then observed in situ by using an upright Confocal Laser Scanning Microscope
(CLSM; Carl Zeiss, LSM700) equipped with a long working distance objective (LD EC
Epiplan-Neofluar 50x/0.55 DIC M27; working distance of 9.1 mm). Three-dimensional
images were taken of five different, randomly chosen locations on each sample. Image
processing was performed using the ImageJ V.1.49b software with the LSM toolbox V4.0g
plugin [159], allowing coverage area quantification of early adhered bacteria. Biofilm

images were then analyzed with the COMSTAT2 software to quantity the biofilm
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according to different parameters (Biomass, Mean Thickness, Roughness, Average
Diffusion Distance and Surface to Volume Ratio)[164]. Confocal analyzes were conducted
on AgNP-GIC samples, as well as on the bottom of a Petri dish (FB) as positive control.
Two samples of each group were used for the experiment, which was repeated at least 3

times.

Table 4.3. Basal medium composition (Artificial Saliva)

Modified Basal Medium supplemented with mucine and glucose (MBMmg), reagents per liter (L):

Glucose 29

Trypticase peptone 50

Heamin 5mg

Urea 1mM

KCl 119

MgCl,.6 H,0O 40 mg

NH,4CI 01g

K,HPO..3 H,0 079

*Adjusted pH (7.0)
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4.8.2. MTT metabolic activity of S. mutans

Antibacterial tests described above were performed on AgNP-GIC shortly after
synthesis. MTT assay was used as an accessory tool to evaluate differences in viability of

24 h biofilm between groups.

Following the same protocol as for biofilm growth of CLSM analyzes, groups of
AgNP-GIC prepared with formulations after 7 days from AgNP synthesis were analyzed by
this method. Disks containing 24 h biofilm grown on the surfaces were transferred to a 24-
well plate, with 1 mL of MTT dye (0.5 mg mL™ in PBS) in each well and incubated at 37
°C. After 1 h, biofilm specimens were transferred to a new 24-well plate. Aliquot of 1 mL
of dimethyl sulfoxide (DMSO) was added to solubilize the formazan crystals during
incubation for 20 min in the dark. DMSO solution was transferred to a quartz cubet and the

absorbance at 540 nm was measured [165].

4.8. STATISTICAL ANALYSES

Parametric analysis of variance techniques were used to quantify the results.
Student's t-test was applied for statistical analysis and confidence intervals greater than 95

% (p-value < 0.05) were considered to be significant.
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V. Results and Discussion

5.1. SYNTHESIS OF AgNP

Silver nanoparticles were synthesized by photochemically induced electron transfer
from uncoordinated carboxylate groups of the polyelectrolyte to the Ag* species [147].
Formulations of polyelectrolyte consisting of a silver polyacrylate (Ag*-PA) solution were
gradually converted into AgNP-PAA as irradiation progressed, and proportionally

depending on the Ag*/COQO" molar ratio.

Molecular structures of the polyelectrolyte formulations (PAA and PAA-TA
aqueous solutions) were first analyzed by FTIR spectroscopy (Figure 5.1). The main
vibrational bands related to carboxylic groups of the polyelectrolytes are at the range of
1800 to 800 cm™: C=0 stretch (1700 cm™), C-H scissor (1452 cm™), C-H bend (1412 cm-
1, C-O stretch (1235 cm™?; 1128 cm™ e 1084 cm™). Figure 5.1 shows that absorption
spectra of the PAA-TA solutions, differently from PAA, present peaks 1128 and 1084 cm™,
which are known to be typical interchain C-O stretch anhydride-like vibration bands [166,
167]. Also, these peaks seem to shift from 1109 and 1050 cm™ on PAA spectra, suggesting

interation of the PAA-TA composition.
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Figure 5.1 Absorbance spetra of the polyelectrolyte formulations: PAA and PAA-TA (5 wt.%).

Formulations were submitted to UV-light irradiation with increasing exposure times
in the presence of 0.1 wt. % of silver salt. As presented in Figure 5.2, analyses of PAA and
Ag-PA after 0, 10, 30, 60 and 90 minutes of UV-light irradiation suggest that no significant
modification occurs to the polymeric structure under such conditions. Despite the color of
the solution have evolved from transparent to brownish (indicating the appearance of AgNP
that will be further discuted in the next sections), FTIR absorption spectra showed that

carboxylic groups from PAA are not significantly affected by UV-light, whether with or

without silver added to the solution.
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Figure 5.2 FTIR spectra of the laminated PAA and Ag-PA after 0, 10, 30, 60 and 90 minutes of UV-light
exposure.

Molecular structures of the polyelectrolyte formulations were affected by adding
TA (5 wt. %) to the solutions. Figure 5.3 shows that peaks 1128 and 1084 cm?, after 10
and 30 min of UV-light exposure, decreases as indicated in the chart by arrows. Possibly
the absence of C-O stretching of anhydride-like vibration bands on the spectra of Ag-PA-
TA is related to the process of AgNP synthesis, with C- O groups from TA molecules being
involved in the process of stabilization of the NP. For this phenomenon to occur, COO is
expected to form a layer of adsorbed TA molecules around AgNP. However, after 60 min
of UV-light exposure, it was observed again a progressive increase of these vibration

bands. This phenomenon may be attribute to two different reasons. Fisrtly, the Kinetics of
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AgNP generation, which occurs in parallel with the disappearance of smaller clusters,
followed by aggregation into much larger particles [151]. Thus, as AgNP aggregates with
the continuous UV irradiation, the amount of COO™ groups that are adsorbed to the surfaces

of the NP progressively decreases, and becomes again free to form anhydride-like bonds.

Absorbance (u.a.)
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Figure 5.3 FTIR spectra of PAA-TA and Ag-PAA-TA formulations after 0, 10, 30, 60, 90 minutes
of UV-light exposure.

Henglein et al. [150] first showed the capability of PA- to stabilize intermediate
Agn™ clusters and described that electrosterically stabilized AgNP displays increased

suspension stability in high ionic strength environments. This fact suggests that, under UV
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irradiation, complexed carboxylic groups to Ag" ions are gradually interacting to form

AgNP.

Carboxylic groups from TA molecules are more likely to interact with silver ions
than those from PAA. It can be explained by the fact that smaller molecules are expected to
have higher functional reactivity than long chain polymeric molecules. Possibly because
PAA have a coiled conformation inacessible for steric reasons, i.e. with less access to Ag*

ions.

The second reason for the resurgence of anhydride bands may be considered if
photo-degradation of polyacids in water is likely to occur. UV-irradiation of polyacids may
cause cleavage of chemical bonds in main chains and in side groups. Evidence of
occurrence of two opposite reactions in polyacrylic acids were already reported: abstraction
(or destruction) of carboxylic groups and macro chain oxidation leading to the formation of
a new type of carbonyl groups in the polymer [168]. Thus, cleavage of the polymer chains
into smaller molecular structures may also contribute to an increased reactivity of the
carboxylic groups. The photo-degradation of PAA was also examined in the presence of
oxidizers. UV radiation was assumed to cause the decomposition of persulfate molecules
into persulfate radicals, which generate the polymer radical. So in turn, PAA might be

broken into much smaller species by the action of UV radiation [169].

Here, the proposed mechanism for AgNP synthesis is based on the one-electron
transfer process proposed by Kéki et al. [147] to explain ionic silver undergoing

photoreduction in the presence of carboxylate-terminated polymer (Figure 5.4).
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Figure 5.4 Scheme of the photoreduction of Ag salt in the presence of PAA polyelectrolyte [147].

Therefore, considering free radical generation by UV irradiation in the presence of
carboxylic groups, it becomes evident that photo-degradation of the PAA in such
conditions is feasible. If generation of free radicals by irradiation of the polyelectrolytes
exceeds the expected amount for nucleation of AgNP, the surplus of free radicals may
degrade the polymer chains. Taking this fact into consideration, the phenomenon observed

at the Figure 5.3 may be also influenced by degradation of the polymer chains.

5.1.1. Synthesis by direct electron transfer method

In situ UV-Vis spectroscopy was used to follow up the kinetics of Ag*
photoreduction in PAA-TA formulation containing variying amounts of AgNOz as a

function of UV irradiation exposure time.
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The optimal exposure times and TA concentrations to produce the set of
formulations with the given Ag® concentrations were determined by following this
conversion Kinetics. The intensity and FWHM of the Plasmon Surface (PS) absorption band
of the AgNP-PA-TA solutions around 430 nm were used as the relevant criteria to optimize
the parameters of synthesis. The formulations and parameters of synthesis of each group are

gathered in Table 5.1.

Table 5.1. Formulations and parameters of synthesis of the AgNP-PAA-TA solutions.

AgNO3 TA AgNO3/TA UV exposure
. concentration concentration molar time
Formulation
(% wt.) (% wt.) ratio (%) (min)
Without Ag 0 5 0 0
Low Ag 0.05 5 0.009 35
Medium Ag 0.10 10 0.009 35
High Ag 0.50 10 0.044 90

Figure 5.5 present the kinetics of photoreduction in PAA formulation containing
AgNOs/TA ratio (w/w): 0.05/5; 0.10/10 and 0.50/10. The absorption at 280 nm and around
430 nm were attributed to the presence of ions in solution, e.g. free Ag* ions, or very small
Ag clusters (Ag° associated to ions), and spherical silver nanoparticles, respectively. The
evolution of the PS absorption band in the region from 410 to 470 nm reflected the nano-
sized character of the colloidal dispersion of metallic spheroidal silver particles produced
by this method. An increase of the UV light-induced conversion was accompanied by
cluster growth and formation of nanoparticles. The formation of a large number of small
AgNP under continuous UV irradiation can lead to a change in the absorption band shape,

represented by the decrease of the full widths at half-maximum (FWHM).
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However, increasing concentration of AgNOz red shifts the final PS absorbance
bands in Figure 5.5 A, B and C (412, 455 and 467 nm, respectively). It is probably due to
different size distributions of the AgNP population synthetized at each condition. Size
dispersion induces a broadening of the absorption band, whereas growth and agglomeration
of NP might red shift the PS band and increase the FWHM [132, 135]. As the percentage of
PAA remains the same (35 wt. % in H2O) among the groups, one might assume it is due to
the protective role of PAA that smaller NP are firstly induced at lower quantities of AgNOs,

as suggested by bands of Low Ag (Fig. 5.5A).

Absorption spectra of the four optimized formulations after 7 days from synthesis
are reported in the Figure 5.6. Although the Kinetics of irradiation depending on the initial
formulation showed PS absorption bands ranging from 410 to 470 nm, when equilibrium of
the colloidal system is achieved, nanoparticles tend to present absorption bands centered at
438 nm. Therefore, it can be assumed that the size and distribution of nanoparticles
population are more likely to be dependent on the polyacid structures (average molecular
weight and concentration) than directly depending on TA and AgNOs concentration of the

initial formulations.

The visual aspect of the synthesized AgNP-PAA-TA solutions with increasing
AgNO3 concentrations shows that yellowish color intensity may be related to the

concentration of AgNP. That would explain the reason PS bands increases in intensity.
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Figure 5.5 Kinetics of AgNP formation for PAA formulations: (A) Low Ag; (B) Medium Ag and
(C) High Ag.
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Figure 5.6 Absorption spectra of synthesized solutions containing various AgNOs concentrations
and the visual aspect of the synthesized AgNP-PAA-TA solutions (wt. %).

It was observed sedimentation within 7 days after synthesis in the High Ag
solutions, indicating agglomeration of nanoparticles probably because of saturation of the
colloidal system. When high concentrations of silver salt are added to the current
formulations, native particles tend to aggregate, and may introduce some instability into the

system.

Shape and size distributions of AgNP measured by image analysis of the TEM
micrographs are presented in Figure 5.7. AgNP exhibit size distributions centered around 5
to 6 nm, with an average diameter depending on the initial formulation (Ag*/COO™ molar

ratio) and UV exposure. High Ag presented tendency to form a bimodal distribution of the
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AgNP population (centered at 6 and 11 nm). It also reflects the instability at this

formulation because of the higher Ag*/COO™ molar ratio.

Monitoring of the PS absorbance spectra and TEM images of the formulations over
time confirmed the mechanism of colloidal stabilization of the solutions. Main differences
on visual aspect and absorbance spectra occur at the first week (7 days from synthesis),
when eventually solutions indicated colloidal stability. Absorbance spectra of the solutions
after 180 days from synthesis show PS absorption bands with increased intensity, and

centered around 420 nm (Figure 5.8).

Here, a phenomenon called Ostwald ripening (coarsening) can be assumed to occur
observing the differences in the PS absorbance spectra of the analyzed AgNP systems over
time. AgNP with radius larger or smaller than the critical radius grows or dissolves.
Therefore, smaller particles with high energy disappear and lower energy regions of larger
particles prevail. As a result of the material flux, the total free energy of the system

decreases [170, 171].

This fact also matches with the hypothesis of agglomeration and sedimentation of
the AgNP population that exceed the average size of colloidal stability. In other words,
once PAA-TA system reaches the critical maximum Ag*/COO™ molar ratio which it stands

to stabilize, AgNP tend to agglomerate, grow and precipitate.
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Figure 5.7 TEM images and respective size distribution of nanoparticles in the various AgNP-
PAA-TA solutions 7 days after synthesis. A. Low Ag B. Medium Ag C. High Ag.
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Figure 5.8 Absorption spectra of synthesized solutions containing various AgNQO3; concentrations
180 days from synthesis.

The particle size distribution after 180 days from synthesis, as oberved by TEM
analyses, also confirmed AgNP stability over time (Fig. 5.9). Although AgNP remained
stable in the colloidal system, there were slight alterations on the center of the size
distribution curve. Low Ag and Medium Ag suffered a small deviation, changing from 5 to
7 nm and 6 to 9 nm, respectively. High Ag, which presented instability and sedimentation
in the first week after synthesis, remained with the center of size distribution curve at 10
nm, and narrowed the standard deviation (7.9 to 6.6). This phenomenon may be explained
by a quantized Ostwald ripening, in which smaller sized particles from a bimodal size
distribution of particles dissolve, and larger ones grow similarly to the regular Ostwald
ripening, and results in focusing size distribution of larger particles.Indeed, a simulation

study investigated the growth of colloidal semiconductor NP in the presence of two
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distinctly sized NP in the so-called “bimodal growth regime”. Small particles with critical
dissolution radius will act as sacrificial materials for a larger second size for the growth and
size focusing, also called quantized Ostwald ripening technique. This slow growth
condition could lead to a better reaction control over the NP synthesis. Also, the
oversaturation of monomer over the growth could improve the overall quality of the NP

[171, 172].

The phenomenon accounting for the stabilization of in situ produced AgNP is
known as polyelectrolyte bridging interaction. It involves a charged PAA polymer chain
and its adsorption to NP is mediated via coulombic interactions [173]. Generally dispersion
stabilization is caused by two main mechanisms: charge or electrostatic stabilization and
steric stabilization. DLVO theory can explain the electrostatic stabilization in an aqueous
system involving adsorbed ions, which build up a charged layer around the nanoparticle,
preventing aggregation by electrostatic repulsion. The use of ionic surfactants, usually
anionic, to provide electrostatic stabilization is well established. Steric stabilization, on the
other hand, is generally described to arise from two factors: a volume restriction component
and an osmotic component involving change in matrices volume and thus causing an
increase in polymer concentration. Those factors have been related as a function of pH and
ionic strength of the polyacids [174]. Therefore, it is possible to combine chemical

functionalities within the same polymer to provide both steric and electrostatic stabilization.

In the present formulations of polyelectrolyte, an electrosteric stabilization occurs if
one considers that this effect is caused by steric as well as electrostatic repulsion as the

polyelectrolyte adsorbs on a colloidal positively charged particle surface (Figure 5.10).
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Figure 5.9 TEM images and respective size distribution of nanoparticles in the various AgNP-
PAA-TA solutions 180 days after synthesis A. Low Ag B. Medium Ag C. High Ag.
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To assist dispersion properties, the effect of molecular weight [175, 176] and weight
percentage [177] on the stabilizing action of polycarboxylic acid dispersant have been
investigated previously. However, in the present study the criteria for choosing
concentration and average molecular weight of PAA were based on previous studies of the

effect of these parameters on the viscosity and compressive strength values of GIC [158].

GIC is the result of the hardening reaction between an ion-leachable glass and an
aqueous solution of PAA, which is known as a polyelectrolyte and responsible for the
rheology and the net setting time of cements [2]. During this reaction, the polymer chains
cross-linking occurs as a result of polymeric acid attack on the glass surface, leading to
dissolution and ions leaching. Changing polymeric concentration of the solution or
exceedingly adding TA to the cement formulation may disable it for dental application, by
interfering in the acid base setting reaction. Thus, in situ synthesis of AgNP in the ionomer
solution was here achieved by using a suitable formulation and restricted by such

conditions.
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Figure 5.10 Working model of the eletrostatic stabilization of AgNP complexes (intermediate
Agn™ clusters) in the negatively charged PAA.[123, 150, 173]

5.2. THE IONOMER GLASS

The glass powder was analyzed by X-ray powder diffraction (XRD) to identify any
crystal phases. The ionomer glass produced was optically clear and could therefore be
assumed to be homogenous single-phase glass that has not undergone any amorphous phase

separation. The typical amorphous diffraction pattern of the frit is shown in Figure 5.11.
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Figure 5.11 X-ray diffraction pattern of the ionomer glass.

5.3. CHARACTERIZATION OF THE GIC

Evaluation of handling properties among the GIC groups showed a slight increase in
the net setting time of the GIC, due to the presence of AgNP in the cement matrix.

However, the analyzed groups fell within the range from 1.5 to 6.0 min, specified in the

ISO 9917-1 (Table 5.2),

Table 5.2 Net setting time values of the GIC.

Without Ag Low Ag Medium Ag High Ag

Net Setting Time 3°05” 3°25” 3°55” 3°45”
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Carboxylate groups have the ability of complexion to metal ions that are both
present in the silver salt and at the outcoming ions from the ionomer glass. In the present
work, UV exposure time and TA concentration were adequately adjusted in order to
photoreduce different concentrations of silver salt without diminishing the availability of
carboxylate groups for the setting reaction and therefore harming the final cement
properties. Even though the complexation of metal ions to PAA is the basis of the setting
reaction on the GIC, this reaction is not known to involve a net change in the charge of the
polyelectrolyte in the presence of sub-stoichiometric concentration of cations [178, 179].
Thus, when very low concentrations of Ag* are dispersed in the solution, only few
carboxylic groups in the polyelectrolyte act as reducing agents under UV irradiation. Since
the neutralization reactions that occurs during hardening of the cements is directly
dependent on the COO/M"* ratio, it can be assumed that no significant change in the
polyelectrolyte took place as it was revealed by the registration of the net setting time of the

AgNP-GIC.

Considering the presence of the AgNP in the cement, the handling properties of the
AgNP-GIC were not drastically influenced by variation of Ag concentration neither by UV-

irradiation exposure among the diverse formulations.

The compressive strength (CS) of the AgNP-GIC groups and one commercially
available GIC (Vitro Molar™ - Nova DFL, Brazil) was analyzed by a mechanical assay. As
shown in Figure 5.12, strength values of the experimental groups in MPa were in a
decreasing order: High Ag (55.5 £ 3.0) > Without Ag (50.8 + 1.8) ~ Medium Ag (49.3 +

6.5) ~ Low Ag (48.6 £ 5.4) > Without Ag I* (41.9 = 4.7). Presence of AgNP in the matrix
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increased the compressive strength of the cements. High Ag showed to be more resistant to
compression than Without Ag and Vitro Molar™ within a confidence interval of 95 %.

However, Low and Medium Ag showed no statistical difference from Without Ag group.

Moreover, it was observed that UV-light exposure have affected the CS of cements
formulated with irradiated PAA-TA solution (Without Ag 1*). Compressive strength values
are known to vary depending on polymer properties (average molecular weight and
viscosity) [157, 158], with CS values decreasing as a function of M. The chain length of
the polyacid was found to be an important parameter in formulation of a cement. Thus, the
higher the molecular weight, the better the properties. However, in practice the molecular
weight is limited by viscosity, and some balance has to be achieved among concentration,
molecular weight, and viscosity [158]. Although liquid to powder ratio and ionomer glass
composition are major variables on mechanical properties of GIC [180], in the absence of
cations consuming enthalpy energy to reduce metallic silver, one may hypothesize that
generated free radicals by UV-light might induce polymer chain degradation. This fact
confirms the hypothesis made during the interpretation of FTIR data in the previous section

(Figure 5.3).
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Figure 5.12 Compressive strength values (MPa) of the experimental AgGNP-GIC and a commercial
GIC (Vitro Molar™, Nova DFL). * (p-value < 0.05)

Metal-reinforced glass ionomer cements, also called Cermets, were once
commercially available because of their increased mechanical strength and radiodensity.
Silver particles were sintered onto the glass, and a number of products then appeared where
the amalgam alloy content had been fixed at a level claimed to produce optimum
mechanical properties for a glass cermet cement [13]. However, clinical trails discouraged
their application in clinics, because the conventional glass ionomer cements had better
physical properties and because mechanical properties were not shown to be effectively

enhanced [181]. Moreover, if one consider that glass ionomer cements were used as
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aesthetic materials, there was no reason to sustain their application. That is the reason why

cermets were finally put out of the market.

Nonetheless, introducing AgNP in the polymer matrix to obtain anti-adherent or
antibacterial properties has quite different results from sintering silver alloy particles onto
the ionomer glasses. Firstly, silver alloy particles tend to be more stable than metallic
nanoparticles immobilized by polyacids. Either the amount of silver, and their ability to be
oxidized to silver ions influence the final properties of the cements. For a fixed filler
content the rate of the silver ion release from nanocomposites is about one order of
magnitude higher in comparison to microcomposites, because of the much larger specific
surface area of the nanoparticles [182]. Due to the high surface-area-to-volume ratio of
nanoparticles, it should be possible to impart significant antibacterial properties to the
cement only by adding little amounts of silver salts to the PAA aqueous solution originally

used to formulate the product, without damage to the GIC properties.

Mechanical property of the AgQNP-GIC groups was reinforced, considering that the
highest silver content presented an increase in the compressive strength of the cements (p-
value < 0.05). It can be inferred that anchoring of AgQNP homogeneously distributed in the
matrix helped to increase cohesive strength among the polymers chains, since the
polymeric matrix is usually the preferential phase for crack propagation in composites.
Furthermore, the proximity of Vitro Molar™ values, a commercially available GIC,

indicates the potential use of the experimental groups for dental application.

There may be other strategies to increase the absolute values of CS obtained for the

experimental GIC, despite being within the range expected by the ISO 9917:1 standard and
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might be comparable to national products. Considering that the formulation chosen in the
present work was the most simple as possible, in order to evaluate the contribution of each
basic component of the GIC in the synthesis of AgNP, it is possible now to further evaluate
other variables that can improve the mechanical properties of GIC in general, such as the

use of PAA copolymers or resinous bases for formulating a RMGIC containing AgNP.

The most importat issue though is that the photochemical route for AgNP
production in situ the polyacid of an experimental GIC did not harmed their compression
resistance, as it was observed for other biocides when added to the matrix of dental
materials [82, 89-91]. Withstanding functional forces is an important requirement for

clinically acceptable materials, which must also provide superior antimicrobial activity.

Evaluation of the release of silver ions from AgNP-GIC is another important point
to be discussed. The affinity for complexation onto negatively-charged surfaces of the
positively-charged silver clusters in the polyelectrolyte solutions should drastically inhibit
transport and mobility of the AgNP [183]. However, in the particular case of the AgNP-
GIC, the colloidal stability of the AgNP synthesized for this purpose is pursued until the

mixing of the cement.

ICP-OES analyses quantified the amount of Ag (ppm) present before and after
immersion of the samples into deionized water for 24 h at 37 °C. This values and standard
deviations are gathered in the Table 5.3. The immersion time (24 h) was chosen according

to the end of net setting reaction of GIC.

The concentrations of Ag released in water were estimated by calculating the

difference among the values before and after immersion. The estimated values of Ag
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release (ppm) are presented in Figure 5.13. High Ag is presumed to release ca. 100 ppm in

water, which is equivalent to ca. 1 x 10° M of Ag.

Table 5.3 Concentrations of Ag (ppm) in the AgQNP-GIC before and after release in water for 24 h.

Before Release After Release
Ag (ppm) (+ SD) Ag (ppm) (£ SD)
Low Ag 174.09 (+ 0.95) 130.90 (+ 0.36)
Medium Ag 283.69 (+ 0.26) 261.94 (+ 0.44)
High Ag 1019.04 (+ 7.52) 920.83 (+18.83)
*
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Figure 5.13 Estimated values of Ag concentration (ppm) released from the AgNP-GIC in water after 24 h.
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Ag" ions are likely to be released from the materials incorporating nanoparticles.
Damm et al. [184] observed that the absolute amount of the long-term Sl release increases
exponentially with the maximum water absorption of the polymers used as matrix
materials, because Sl are formed from elemental silver particles in the presence of water,
only. It was also found that the long-term silver ion release increases with a growing
diffusion coefficient of water in the polymer. Liu et al.[124] applied elements of the drug
delivery paradigm to nanosilver dissolution and presented a systematic study of competing
chemical concepts for controlled release. Because the major ion source is oxidation, it was
hypothesized that ion release can be controlled through manipulation of the oxidation
pathways, involving surface area (size), ligand binding, polymeric coatings, sulfidic films,
scavenging of peroxy-intermediates, and preoxidation treatments. Moreover, Martin et al.
[123] showed that the main factor in the colloidal stabilization of AgNP is the disruption of
stable polyelectrolyte coating molecules, followed by the oxidative dissolution (e.g., AgNP
transformation into Ag*) and hence the silver ions release to the environment. Thus, during
the setting reaction of the AgNP-GIC, when polyacids are neutralized by basic ionomer
glasses, their colloidal stability is likely to be affected and would enable further release of
Ag" to the surroundings of the cement. As the cement completes the setting reaction, we
speculate that the stable nanoparticles should be dispersed and entrapped in the GIC matrix,

and should not be expected to readily release from the AgNP-GIC.

Since these AgNP are dispersed within the material, as already hypothesized by
Cheng et al. [4] when analyzing resin-based dental composites, it is further expected that
the surface of the composite suffers mechanical erosion during mastication, exposing the

underlying particles, which should allow the antibacterial activity to be maintained. In the
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present study, water-based cements containing AgNP are expected to provide higher
antibacterial efficiency, since GIC are known to have higher levels of metallic ions
diffusion than resin based composites [33, 160]. This is attributed to the greater amount of
water that remains present in these materials. Indeed, although it was established that
water-based cements continues to undergo reaction as they age, which is accompanied by
an increase in the ratio of bound to unbound water [15], the amount of unbound water in
GIC remains higher than in resin composites [33]. This may favor water flow and reactive
metal ion release (dissolution) between cements and surrounding aqueous media, such as

saliva and other biological fluids, thus facilitating the release of Ag* ions from the material.

Furthermore, the advantage of in situ formed over pre-formed AgNP plays an
important role on this process, because it facilitates AgQNP destabilization, and silver ions

release to the environment [154].

On the other hand, several publications suggested that proteins adsorbed from
physiological fluids, such as saliva-derived protein films, are able to attenuate the

antibacterial properties of the underlying surfaces significantly [93, 185, 186].

The silver atomic concentration at AgNP-GIC surfaces was determined by XPS
within a range of depth of 8 nm. The values are displayed as a function of the total amount
of silver (% wt.) added to the cement (Figure 5.14). The amount of Ag (% wt.) added to

each group was: 0.009 (Low Ag); 0.019 (Medium Ag) and 0.095 (High Ag).
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Figure 5.14 The atomic concentration of silver at the surface of AGQNP-GIC measured by XPS.

Cheng et al. [4], assuming a uniform distribution of the total amount of silver salt
added to a resin composite, observed that the surface silver concentration as determined by
XPS exceeded the expected concentration calculated from the compositions of the
formulations. They attributed the preferential adsorption of silver species onto the surface
due to the affinity (electrostatic and/or hydrogen bonding interactions) between the silver
salt complex and glass slide surface used during preparation of the samples. Thus, the same
phenomenon is expected to occur in the present study. Comparing the amount of silver (At.
%) measured on the surface of the resin-based composite to the values here obtained by
XPS, it is possible to assume that water-based cements (GIC) are more prone to have silver

species preferentially adsorbed onto their surfaces. High Ag groups, which have 0.15 wt. %
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of silver salt added to the formulation, presented 0.17 against 0.08 atomic silver (%) of the

equivalent resin-based composite on the analyzed surfaces.

5.4.INVITRO CYTOTOXICITY (INDIRECT MTT ASSAY)

The results of metabolic activity of HGF-1 cells comparing AgNP-GIC with
increasing concentrations of silver are shown in the Figure 5.15. In an indirect contact assay
using eluates of AgNP-GIC, cell metabolism of Without Ag, Low Ag and High Ag
decreased for a 24 h incubation period. Cytotoxic effect on cells was significant for
Without Ag and High Ag (p-value < 0.01). Considering ICP-OES analyses on High Ag
samples (Fig. 5.13), higher concentrations of silver ions released (~100 ppm) caused a
cytotoxic effect on HGF-1 cells. However, the low rates of cell survival in Without Ag can
be attributed to other fact than silver concentration, and might be associated to residual

impurities from polymerization process of PAA solution.

A number of different polyacid grades are commercially available that vary in their
chemical structure, degree of crosslinking, and residual components. Solution
polymerization is an industrial process used for synthesis via conventional free-radical
polymerization of the polyacids and copolymers used in GIC formulations [187]. During
solution polymerization a monomer is dissolved in a non-reactive solvent that contains a
catalyst. One of the most used solvents in this process is benzene, a highly cytotoxic
molecule, because it is cost effective for producing on an industrial scale. One may attempt
to the fact that cytotoxic molecules (e.g. benzene) might be used in the process of solution

polymerization of PAA, since the solutions used in this study are not guaranteed to have
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pharmaceutical grade (i.e., have been purified after polymerization process) by the
suppliers (Sigma Aldrich). For biomedical application some treatments must be done to
avoid cytotoxicity. Dissolution in anhydrous methanol and precipitation from ethyl acetate,
followed by freeze-drying to remove residual monomers and thus no leachable should be
expected [188-190]. This may be the reason of cytotoxic tendency in absence of silver.
Moreover, it can be hypothesized that the photochemical process of reduction of silver ions
may have contributed to increasing of PAA biocompatibility, although the molecules and

the exact mechanism this phenomenon took place must be further investigated.
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Figure 5.15 Metabolic activity of HGF-1 cells over eluates of the AgQNP-GIC, DMEM as negative
control (NC) and Phenol as positive control (PC). *(p-value < 0.01)
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55. AGAR PLATE DIFFUSION TEST (GENERAL ANTIBACTERIAL

TEST)

Diffusion test with E. coli strain, here used as a bacterial model, was pursued for
general antibacterial validation, but also as screening parameter for the concentration range

of AgNP to be further analyzed by specific anti-biofilm test.

Antibacterial efficacy that is expected from the silver nanoparticles was assessed by
measuring diameter and calculating area of the zone of bacterial inhibition growth around
GIC samples, which resulted from diffusion of Ag® ions in agar medium. As shown in
Figure 5.16, AgNP-GIC samples were all surrounded by inhibition zones of bacterial

growth on agar plate.

Figure 5.16 Agar diffusion test performed with E. coli: Image of the bacterial growth inhibition
zones in the LB agar plate. Chorhexidine digluconate (CHD) as positive control.
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Measurements of the inhibition zones and standard deviations are presented in the
Table 5.4. All of the AgNP-GIC groups exhibited statistically significant difference
compared to negative control group (Without Ag) (p-value < 0.05). On the other hand,
there was no significant difference between Low Ag and Medium Ag groups (p-value >

0.05).

Table 5.4 Values of the inhibition zones (mm?) and associated standard deviation (SD).

Inhibition Zone

Samples
(mm?) + SD
Without Ag (Negative control) 0
Low Ag 32.8 £ 3.4*
Medium Ag 32.8 £5.6*
High Ag 76.1 + 6.9*
CHD (Positive control) 1785+ 1.73*

* (p-value < 0.05 for comparison to negative control).

Bacterial growth inhibition observed on the surrounding of AgNP-GIC suggests that
nanoparticles act as a reservoir of silver, promoting liberation of SI from cement matrix to
environment by diffusion. The present range of silver salt concentrations in GIC (from
0.015 to 0.150 wt. %) was here shown to provide significant antibacterial effect on E. coli
species, whose sensibility to low material-related Ag concentrations has already been

reported [182]. It is possible to correlate inhibition growth by Sl diffusion in agar plate with
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results of estimated Sl release from the AgNP-GIC in previous section (Fig. 5.13), in
decreasing order High Ag (1 x 10 M), Low Ag (4.3 x 10 M) and Medium Ag (2.2 x 10*
M). Low Ag and Medium Ag present Sl release within the same order of magnitude, thus

the results in inhibition of bacterial growth were not significantly different.

If one considers bioactivity of matrices in which AgNP are entrapped, it is of great
importance to observe that GIC offers high Sl diffusion considering the amount of silver
salt added to the former material. Fan et al. [191] used resin-based polymers to synthesize
AgNP using different concentrations of Ag benzoate (AgBz). Light-cure (LC; bisphenol A
glycidyl methacrylate, tetraethyleneglycol dimethacrylate, bisphenol A ethoxylate
dimethacrylate blend) and chemical-cure systems (CC; orthodontic denture resin) were
used as matrices. LC resins only released Ag* ions when AgBz concentration was greater
than 0.1 wt. %, while CC specimens showed release with as low as 0.002 wt. % AgBz.
AgNP-loaded CC resins made with 0.2 and 0.5 wt. % AgBz were tested in vitro for
antibacterial activity against Streptococcus mutans, and results showed 52.4% and 97.5% of
bacterial inhibition, respectively. However, the area considered for the evaluation of
bacterial growth was not the inhibition zone on the surroundings of resin disks. Instead, the
authors measured transparency of the area under the disks on agar plate, and correlated to
none, half or total growth inhibition. Therefore, results are not directly comparable with the
present study, since bacteria strains and test protocols were not equivalents. Nevertheless,
one might observe that the matrices’ properties are of great importance for the releasing
process of SI from AgNP. Even though there was release of SI from resin-based silver
nanocomposites, S. mutans inhibition zone were not observed on the surroundings of the

disks, even for the greater amount (0.5 wt. %) of silver salt added to the resin.
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5.6. SPECIFIC ANTIBACTERIAL ASSAYS

From CLSM analyses, LSM images acquired after 3 h of incubation were processed
using “Make Composite” and “Z-project (Max Intensity)” ImageJ functions to create 2D
images of the analyzed groups. Representative images of each group are gathered in Figure
5.17. Percentage areas of adhered bacteria covering surfaces were quantified after
binarization of those 2D images. These results are shown in the Figure 5.18. At early
stages, bacteria adhered to Petri dish control (FB) group were significantly more dispersed
on the surface than those attached to the GIC (p-value < 0.05), which showed tendency to
form microcolonies of agglomerated bacteria. Nonetheless, differences among GIC groups

were not remarkable.

Representative images (2D) of S. mutans biofilms (i.e., after 24 h of incubation) of
each group are presented in Figure 5.19. It is possible to observe a tendency of
microcolonies to agglomerate on GIC. The covered area is progressively sparser (i.e., less
continuous) and size of microcolonies over the GIC decreases with the increasing of silver

salt content (Figure 5.19 C, D and E).

The previous qualitative remarks were quantified by using COMSTAT2 analysis
features. Several variables were used to describe and quantify shape and three-dimensional

structure of biofilms, as described in this section.
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Figure 5.17 2D representative images of early adhered bacteria (3 h) on surfaces of the samples. A.
Control (FB) B. Without Ag C. Low Ag D. Medium Ag E. High Ag.
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Figure 5.18 Percentage area of surfaces covered by S. mutans adhered at early stages (3 h) and
standard errors. *(p-value < 0.05)

Bio-volume is defined as the number of biomass pixels in all images of a stack
multiplied by the voxel size [(pixel size)x x (pixel size)y x (pixel size);] and divided by the
substratum area of the image stack. It represents the overall volume of the biofilm, and also
provides an estimate of the biomass [159]. Biomass of early-adhered bacteria was plotted as
a function of the coverage area (%) in Figure 5.20. All of the GIC groups presented
significant difference from FB (control) group (p-value < 0.01). Although bacteria are
similarly distributed on the surfaces of the GIG groups, biomass values reveal a significant
difference between Without Ag (0.315 pm®*um?) and other AgNP-GIC (p-value < 0.05),
namely Low Ag (0.177 pum3/um?), Medium Ag (0.210 um®/um?) and High Ag (0.171
um3/um?). These values represent the agglomeration suffered by bacteria, as qualitatively

displayed in the Figure 5.17.
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Figure 5.19 2D representative images of biofilm structure (24 h) on surfaces of the samples. A. Control
(FB) B. Without Ag C. Low Ag D. Medium Ag E. High Ag.

105



It is interesting to observe that even though no significant difference is observed
among AgNP-GIC, average biomass values of early adhered bacteria are inversely related
to the amount of Sl released in water in the previous ICP analyses, respectively High Ag,

Low Ag and Medium Ag.
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Figure 5.20 Bio-volume values (um*/um?) and standard errors as a function of S. mutans area (%)
covering the surfaces at early stages (3 h).

As shown in the Figure 5.21, biomass value of 24 h biofilms decreases with
increasing the amount of silver salt added to AgQNP-GIC. Medium Ag and High Ag showed
statistical significant difference from FB (control), as well as from Without Ag (p-value <
0.05) materials. Considering FB (control) as a standard biomass value for 24 h S. mutans
biofilm grown in the given conditions, High Ag presented more than 50 % of bio-volume

reduction. Biomass percentages for the GIC groups are in the following decreasing ranking:

106



Without Ag (101 %) > Low Ag (84 %) > Medium Ag (71 %) > High Ag (44 %). It is
important to highlight that biofilm formation (24 h) is mainly related to increasing amount
of AgNP that remained exposed on the surface of the GIC, as observed by XPS, and then
are further oxidized to release Sl; whereas early adhered bacteria (3h) also suffer additional
influence of SI diffusion from AgNP-GIC in the early stages of net setting reaction, when
the greater amount of unbound water and thus the water flux through the cements are

expected to assign higher bioactivity [15, 160].
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Figure 5.21 Bio-volume values and standard errors of 24 h biofilms on the AgNP-GIC surfaces. *(p-value <
0.05)
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Another parameter used to quantify biofilm is its thickness that is calculated
ignoring pores and voids inside biofilm, over a given location. Thickness distribution can
be used to further calculate biofilm roughness and mean biofilm thickness, which values are

presented in the Figure 5.22 and 5.23, respectively.

Biofilm roughness is calculated by a dimensionless roughness coefficient (Ra),
which indicates how much the thickness of biofilm varies over the location, and is therefore
an indicator of biofilm heterogeneity. Ra biofilm values for Low Ag and Medium Ag were
significantly greater than Without Ag (p-value < 0.05), while High Ag showed statistical
significant difference from the control and Without Ag (p-value < 0.01). It is important to
remark that biofilm over GIC without any bactericidal activity promoted by silver (Without
Ag) tends to have significant lower Ra coefficient value than control (p-value < 0.01).
Assuming that homogeneity is related to the development of mature and structured
biofilms, this results corroborates a study [192] that affirms the formation of biofilms to be
increased on surfaces of GIC. Biofilms over AgNP-GIC can be assumed as more

heterogeneous on the basis of the Ra values, then suggesting a delay in maturity.
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Figure 5.22 Biofilm roughness coefficient (Ra) of the AGNP-GIC. *(p-value < 0.05)

Mean biofilm thickness values indicate that Medium Ag (p-value < 0.05) and High
Ag (p-value < 0.01) samples have substantially thinner biofilms than Without Ag and than
FB groups (p-value < 0.01). High Ag showed to be 50% thinner than control group. In turn,
Low Ag presented statistical difference from Without Ag (p-value = 0.01). As the amount
of silver increases, biofilms get less structured in a 24 h period. The thinner the biofilm is,

probably the easier it gets to be removed or displaced by mechanical forces.
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Figure 5.23 Mean biofilm thickness (um) values of the AgNP-GIC. *(p-vlaue < 0.05)

Average diffusion distance is a biofilm description parameter that provides
measures of the distances over which nutrients and other components have to diffuse from
the void to bacteria included in micro-colonies. In other words, it estimates whether
bacteria are organized to access or to hide from their environment. Average diffusion
distance values (um) for biofilms developed on AgNP-GIC are gathered in Figure 5.24.
Again, High Ag biofilms are statistically different from Without Ag and control (p-value <
0.01). Medium Ag also showed lower average diffusion distance then control groups (p-
value < 0.05). In this case however, differences on average diffusion distance may be

related to bio-volume of biofilms. Bacteria are more exposed to medium nutrients or
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biocides when biomass is comparatively reduced than control. Therefore, increasing the
amount of silver in the AgNP-GIC helps the biofilm to be more susceptible to biocides

and/or antibacterial treatment that might be used.

Another parameter associated to this biofilm structure is the surface to bio-volume
ratio, which is defined as the surface area divided by the bio-volume, where the surface
area is the area of all biomass voxel surfaces exposed to the background. This parameter
reflects the fraction of biofilm that is directly exposed to the nutrient flow and to silver ions

released from the material. Thus, it may indicate how the biofilm adapts to its environment.
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Figure 5.24 Average diffusion distance (um) values of 24 h biofilms on the AgNP-GIC. *(p-value
< 0.05)
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Surface to bio-volume (um?/um?) values of 24 h biofilms developed on AgNP-GIC
are presented in Figure 5.25. In this context, biofilm over High Ag samples shows to be
significantly different from the control and Without Ag (p-value < 0.01), while Medium Ag
is more likely to have bacteria directly in contact to environment than Without Ag (p-value
< 0.01). One might assume that bacteria are more and more exposed to nutrients and
biocide (silver ions) as the silver concentration in environment increases. The most
important fact is that such an undifferentiated biofilm may be more susceptible to treatment
by antimicrobial agents [105], like those present in dentifrices, or may be easily removed
from material surfaces by mechanical activity, such as tooth brushing or tongue

movements.

Metabolic activity of the 24 h biofilms over GIC samples was assessed by MTT
assay. Results are presented in Figure 5.26. High Ag biofilms evinces statistical difference
from those formed on Without Ag, Low Ag and Medium Ag groups (p-value < 0.01). High
Ag materials caused a reduction of bacteria viability of 99% compared to values obtained
with Without Ag. What should be remarked though is the fact that even with Medium Ag
having statistically different biomass, mean thickness and surface to volume ratio from the
Without Ag group, their viability as measured by MTT activity remained unaffected. The
amount of S released by diffusion from High Ag (~ 1 x 10°® M), together with oxidation of
AgNP exposed on the surface of cements inactivated the growth of the population of sessile
bacteria and affected the biofilm structure. Although the results are not strictly comparable
owing to different experimental conditions, it had been already remarked that the inhibitory

concentrations and toxic concentrations are in the range of 0.1 to 20 mg. L™ (~ 1 x 10® to 2
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x 10* M for Sl). Therefore, the total amount of SI have exceeded the minimal inhibitory
concentration (MIC) at these conditions, and reduced viability of bacteria on the surface of
the High Ag. Furthermore, lower concentrations of Sl, which were not able to reduce

bacteria viability, such as Medium Ag, may still affect important parameters of the biofilm

structure.
*
0.7
0.6
<
3 05
g
o 04
=
e 3
= 0.3 1
s 02
&
A 0.
0.0 C |
(ol%r)o Without Ag LowAg MediumAg  High Ag
O24h 0.306 0.288 0.330 0.371 0.530

Figure 5.25 Surface to Bio-volume values (um?/umq) of 24 h biofilms on the AgNP-GIC. *(p-value
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Figure 5.26 Absorbance values from MTT assay of 24 h biofilm viability on the AgNP-GIC. *(p-
value < 0.01)

An important issue was observed in evaluating salivary microcosm biofilm during
different stages at the presence of a biocide, namely Gala chinensis extract (GCE) [193]. It
was possible to detect reduced metabolism of bacteria in biofilms at lower concentrations
of GCE than those inhibiting bacterial growth. The dose-response data for 48 h biofilms
reveal a concentration dependency of the GCE effect, reaching significance with treatments
above 1,000 ppm. In our study, dose-response for 24 h biofilm proved effective above 100

ppm (~ 1 x 10 M) of released SI. However, if biocide is bound to biofilms and slowly
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released, as it is expected for Sl released from AgNP, this could be disrupting biofilm
formation. Inhibition of lactic acid production was observed with low levels of GCE
present during the acid formation phase of the experiment, but did not caused bacterial
killing. Even when a biocide penetrates slowly through a biofilm, it may inhibit acid
formation at concentrations 10-fold lower than those inhibiting bacterial growth. This
indicates the potential of subcritical doses of biocides as caries-preventive strategies, which

affects biofilm growth and acid production.

Moreover, analyzing the presence of AgNP as potential biocide in other dental
materials, a study [4] evaluated the antibacterial efficacy of AgNP formed in situ a
photocrosslinking resin-based polymer. It was assessed by measuring three parameters
(fraction of total surface area covered by bacteria; object density; and individual object
area) of the initial bacterial colonization on composite disks with different silver salt
concentrations. The results show that the concentration of Sl released from the 0.03 wt. %
silver salt substrates, the lowest concentration tested with the bacteria, was sufficient to
reduce in 30 % S. mutans colonization. For the given concentration, ~ 0.05 atomic Ag (%)
was detected by XPS on the surfaces of the resin-based polymer. Whereas, comparing
AgNP-GIC data for the same concentration of silver salt added (Medium Ag), the
percentage of reduction in early adhered bacteria (3h) on AgNP-GIC were ca. 70%
compared to control and atomic Ag (%) analyzed by XPS was approximately twice the
observed for resin-based polymers. The presence of additional silver nanoparticles (by
higher silver salt concentrations) did not further enhance the antibacterial activity for resin-
based polymers. The lack of a trend in antibacterial activity as a function of silver salt

concentration was attributed to a reduction in activity when the silver nanoparticles are
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aggregated. Maximum atomic silver value on the surfaces of resin-based polymers was ca.
0.10 % for 0.08 wt. % of silver salt added to the material. Different tendency was observed
on AgNP-GIC, where atomic silver (%) was found to increase progressively with the
percentage of silver salt added to the material, reaching 0.17 % for High Ag (0.15 wt. % of
silver salt). Supporting this observation, it was already remarked that AgNP are more likely
to be homogeneously dispersed and have higher water solubility when in a polyanion
matrix (as for PAA-TA solution, and thus AgNP-GIC) than in resin-based systems [153,
154]. Thus, it is possible to assume that water-based cements like GIC, supporting AgNP as

biocides, have increased bioactivity when compared to resin-based material.

Still comparing AgNP incorporated in resin-based polymers, another study [104]
tested antibacterial activity against plaque microcosm biofilm of AgNP incorporated in a
resin-based bonding agent. For a range of silver salt similar to that on AgNP-GIC,
concentrations of 0.05 and 0.1 wt. % of nanoparticles added to the resin greatly decreased
the biofilm viability, CFU counting and lactic acid production, compared to commercial
adhesive control. Although the results are promising for application in terms of reduced

viability and acid production, biofilm structures were not evaluated quantitatively.

In order to understand how bacteria respond to biocides when structured as biofilms,
further evaluation is necessary than only analyzing viability, metabolism and CFU
counting. Bacteria from plaque can communicate with one another in a cell density-
dependent manner via small diffusible molecules (quorum sensing), using strategies similar
to those described for other biofilms. In S. mutans, quorum sensing is known to be
mediated by a competence-stimulating peptide (CSP), which increases the transformation

frequency of biofilm-grown S. mutans from 10 to 600-fold [194].
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Important mechanisms of cariogenic plaque, like acidogenicity and aciduricity (acid
tolerance), may be as well related to cell-to-cell communication and its ability to form
mature biofilms. As caries develops in an intermittently acidic environment, one of the
most significant virulence properties of cariogenic bacteria like S. mutans is their
aciduricity, which is also known to be involved with the CSP. Cell density and biofilm
growth mode modulated acid adaptation in S. mutans, suggesting that optimal development
of aciduricity in this organism involves both low pH induction and cell-to-cell
communication [195]. Environmental cues, such as nutrient and biocide concentrations, pH,
and adherence to a surface, are also known to modulate the level of the CSP or the
effectiveness of CSP interaction with the receptors [195, 196]. For example, SI have been
suggested to oxidize thiol groups and, therefore, reduce acidogenicity of dental plaque

[197].

Demonstrating how architecture of biofilms may influence bacteria communication,
and thus its metabolism, Li et al. [196] essayed S. mutans wild-type NG8 and mutant
strains for their ability to initiate biofilm formation. The spatial distribution and architecture
of the biofilms were evaluated by CSLM. The results showed that inactivation of any of the
individual genes under study resulted in the formation of an abnormal biofilm. The comC
mutant, unable to produce or secrete a CSP, formed biofilms with altered architecture, with
extremely long chains, resulting in the formation of large aggregates or web-like biofilms,
as it was observed for biofilms grown on AgNP-GIC. The comD and comE mutants, which
were defective in sensing and responding to the CSP, formed biofilms with reduced
biomass. It is important to remark that at least some bacteria must not only be able to sense

surfaces and nutritional conditions for the transition to biofilm life but also apparently
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require cell-to-cell signaling and other coordinated activities to form differentiated, mature
communities [196]. These results affirm the idea that viable bacteria with difficulty
concerning cell-to-cell communication tend to form undifferentiated biofilms due to
interference in the quorum sensing system. Although not being conclusive, this may
provide an insight of the observed fact that subcritical concentrations of biocides are

influencing architecture of viable biofilms.

Still, S. mutans uses quorum-sensing signal transduction system to stimulate the
uptake and incorporation of foreign DNA. Dental biofilm may provide streptococci with a
vast reservoir of genetic information which can be readily incorporated outside of their
species boundaries [198]. Considering the potential for transferring of antibiotic resistance
to pathogens that may transiently reside in biofilm, disruption of cell-to-cell communication

system might have important implications.

Interaction with surfaces containing AgNP reduced homogeneity and biomass of the
24 h S. mutans biofilm. Thus, SI concentrations lower than MIC released by oxidation of
AgNP-GIC surfaces, as observed for Low Ag and Medium Ag, may be leading to the
formation of unstructured S. mutans biofilms. The mechanism of interfering in cell density,
and thus in cell-to-cell communication, might be the explanation for the young architecture
of 24 h biofilms formed over AgNP-GIC. It may be hypothesized that Sl are binding to
CPS receptors in cell membrane and/or contributing to defective gene expression of
adhered-bacteria. However, more specific studies of molecular biology should be carried

out in order to affirm that Sl are directly affecting quorum-sensing system.
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The rapid suppression of the resident oral microflora by administration of antibiotics
can result in overgrowth by previously minor components of the microflora, or colonization
by exogenously acquired (and often pathogenic) microorganisms. Thus, the resident
microflora acts directly as an important component of the host defenses by forming a
significant barrier against exogenous populations, termed “colonization resistance” [194].
That’s one reason why SI might be a strategic antibacterial agent in the oral environment.
These ions are not expected to have long distance interaction with oral microflora due to
their great affinity to abundant chloride ions in saliva (tending to form sparingly soluble
silver salts) or to adhered pellicle [116]. Thus, microbial homeostasis of biofilms formed
away from Ag-containing surfaces is not likely to be disrupted, whereas biofilms formed

onto these surfaces may be easily removed.
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V1. Final Considerations

Silver compounds have been used in dental pediatric clinics for more than a decade
as the silver diamine fluoride (SDF) treatment. It is a cost-effective agent and appears to
conform to the World Health Organization’s Millennium Goals and the US Institute of
Medicine’s criteria for 21% century medical care [199]. Arrest and prevention of active
caries have been proved effective under SDF treatment [200, 201]. A literature search
indicates that there were no reported cases about acute toxicity or significant adverse
effects after professional application of SDF. Even though SDF solution concentrations
used for treating caries range from 12 to 38 %, it is considered a minimal chance of excess
silver accumulation causing toxicity, since only a minute amount of SDF is applied to the
dental tissue semi-annually or annually [202]. Previous studies suggest that SDF did not
cause severe pulpal reactions, and no severe pulpal damages have been reported [200, 201,
203]. An ex vivo study shows that over 90% of the deep carious primary teeth treated with
SDF showed favorable pulpal response histologically, which was evidenced by the
presence of abundant reparative dentine and a wide odontoblast layer [203]. Although
indirect cytotoxicity test on HGF-1 reduced cell viability of High Ag groups, these clinical
studies indicate that greater amounts of Sl delivered by ordinary caries stopping treatments

on clinical practice are not likely to cause severe pulpal damages.

Moreover, the choice of GIC as matrix for supporting AgNP concerning their use in

dental practice can be sustained by bioactivity of the given cements and their specific role
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on fighting dental caries. It is worth to highlight that release of fluoride and exchange of
metal ions with tooth structure are remarkable properties that make GIC important
materials in the fight against caries. Such materials have the potential for ‘smart’ behavior,
i.e. they can react to changes in the environment to bring about advantageous changes in
properties. The controlled movement of water or aqueous media through the material may
be the carrier for various dissolved species, and may influence the potential for the
formation of biofilms at the surface. Clearly, materials that do not have the capacity for
water transport or storage do not have the potential for this sort of behavior [181, 204].
Thus, due to these specific properties of water-based GIC, the presence of silver and
fluoride ions being released by AgNP-GIC would impart anti-adherent and cariostatic
properties. Demineralized dentin disks treated with silver fluoride (AgF) showed to prevent
formation of an S. mutans biofilm and were significantly more resistant to further
demineralization than the control disks. The presence of silver and fluoride in the outer
layers of the disks treated with AgF was the likely cause of prevention of biofilm formation

[205].

During the first phase of the setting reaction when GIC are exchanging ions with
tooth structure of their surroundings, and therefore in direct contact with decayed dental
tissue, the arresting of active caries with direct uptake of silver and fluoride is targeted. In
addition, the surfaces that are going to host the formation of biofilms are expected to have
anti-adherent and/or antibacterial features. This would enable AgNP-GIC to provide a
suitable caries management treatment together with reduced biofilm accumulation on the

restoratives.
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In this context, indication of AgNP-GIC in the treatment of active and rampant
caries, or more specifically, early childhood caries (ECC) might be of major importance.
ECC has been regarded as one of the most prevalent chronic diseases in early childhood.
Advanced and severe rampant caries affects multiple teeth, and is typically seen in children
with neglected oral care, frequent sugar or syrup medicine intake, individuals with
decreased salivary flow, and those with poor oral hygiene and drug addiction. Patients with
rampant caries are very challenging to manage and the prognosis is not often satisfactory
[202]. SDF treatment usually is the elected treatment for rampant caries [206], or more
traditionally the surgical removal of all the infected and softened dental tissue followed by
the filling of the cavity to restore the function and aesthetics of the tooth. In addition,
conventional restorative method alone is insufficient at tackling this prevalent disease
[202]. Therefore, AgQNP-GIC would assemble restorative characteristics from Atraumatic
Restorative Technique (ART) approach and cariostatic activity attributed to release of
silver and fluoride ions coupled with a low cost production and an easy application

procedure at once.

Other strategies to produce anti-adhesive surfaces have been used to reduce biofilm
viability and formation over resin modified glass ionomer cements (RMGIC), which is a
composite that are supposed to have both GIC and resin-based polymers properties, like
bioactivity and stability, respectively. However biocompatibility to human cells was not
proved [104, 105]. Further elaboration of RMGIC containing AgNP-GIC would be
possible, since conventional GIC composition is the basis of the RMGIC formulation. This

would broaden their range of application in dental practice.
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Another issue to be remarked here is the necessity of achieving aesthetical results.
In SDF treatment, although the dental aesthetics is not pleasing, it is considered that
children with arrested caries will at least be less susceptible to suffer from pain and
infection. Although AgNP-GIC initially presents yellowish/brown coloration due to the
presence of silver nanoparticles, it is far more aesthetically acceptable than the results of
SDF treatment. Or, at least, the same argument should be applied to AgNP-GIC color.
Moreover, as observed for the AgNP solutions after synthesis, the color intensity of the
material is directly related to the presence of high concentrations of AgNP due to their
optical Plasmon Resonance properties. One might assume that once silver ions starts to be
released in the saliva medium during the first 24 h (i.e., first phase of setting reaction),
coloration of AgNP-GIC are likely to be more and more reduced in intensity, thus rising its
acceptability. Using silver concentrations lower than the MIC should also diminish color
intensity, and still contribute for biofilm formation disruption, as observed in Medium Ag

groups.

If aesthetics is of major importance, this treatment might be followed by the
sandwich technique [47]. This would imply an initial caries management control, by
placing AgNP-GIC at once in all decayed teeth. In following sessions each restoration
could be replaced by wearing the material surface to the bottom and complement with a

suitable material for long-term restorations, such as composite resins or ceramics.
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VII. Conclusions

> Silver nanoparticles were synthesized in situ in the poly(acrylic acid) solutions
containing tartaric acid by UV irradiation inducing an electron transfer from uncoordinated
carboxylate groups of the polyelectrolyte to the Ag+ specie.

> Spheroidal silver nanoparticles with size distribition centered at 7 to 10 nm,
depending on the initial formulation, remained stable in the polyelectrolyte matrix up to a
monitoring of 180 days.

> The colloidal system was sustained via eletrosteric stabilization by regulating initial
tartaric acid concentration (Ag+/COO- molar ratio) and UV exposure time of each
formulation.

> Despite net setting time have increased with addition of AgNP, the setting reaction
remained acceptable according to the 1ISO requirements.

> Compression strength of the analysed GIC were not damaged by in situ synthesis of
AgNP, and assigning increased CS values for High Ag when compared to control. Medium
Ag and Low Ag had similar values to that of reference material (Vitro Molar™), indicating
the potential use of the AgNP-GIC for dental application.

> High Ag proved to release a significant larger amount of silver content when
incubated in deionized water for 24 h compared to Medium Ag and Low Ag.

> After adsoption of salivary protein on the surface of the cements, the quantity of

silver directly exposed for bacterial adhesion is diminished.
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> HGF-1 viability decreased significantly in High Ag group because of the great
amount of silver ions released from these cements.

> All silver containing groups showed significant differences of inhibition of E. coli
growth by diffusion on agar plates, suggesting bioactivity of the AQNP-GIC.

> Early-adhered bacteria (3 h) showed tendency to form microcolonies of
agglomerated bacteria on the surfaces of the AgNP-GIC compared to FB (control) (p <
0.05), and biomass values were significant different from the Without Ag (p < 0.05).

> Biomass values of 24 h biofilm on Medium Ag and High Ag groups showed
statistical significant difference from FB (control) (p < 0.05), as well as from Without Ag
(p <0.05).

> Medium Ag affected important parameters of the biofilm structure, like biomass,
mean thickness and surface to volume ratio compared to Without Ag, but viability as
measured by MTT activity was not significantly changed for bacteria on biofilms, neither
for HGF-1 cells.

> The amount of Sl originated from High Ag was effective in inactivating the growth
of the population of sessile bacteria and affected the biofilm structure, reducing viability of
bacteria, but also of HGF-1 cells.

> It can be stated that the new AgNP-GIC developed in this work proved biocidal
effect against 24 h S. mutans biofilms, suggesting the oxidative dissolution of silver ions
from the cement matrix, without necessarily causing cytotoxic effect on HGF-1 cells or

reducing compression strength of the final cement.
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VIII. Proposal Of Future Studies

> Synthesis of AgNP by in situ photoreduction in PAA solution of a

commercially available GIC;

> Synthesis of AgNP by in situ photoreduction in different PAA

homopolymers and copolymers solutions;

> Study of the influence of different ionomer glass compositions on the

bioactivity and biocidal activities of AgNP-GIC,;

> Investigation of the mechanism of purification process in PAA solution by in

situ photochemical synthesis of AgNP;

> Study of the mechanism by which subcritical amount of silver ions are
disrupting biofilm formation, and whether it may be related to interfering in quorum
sensing system of cariogenic bacteria, its acid production, acid tolerance and/or bacterial

resistance;

> Ex vivo evaluation of ions exchange of AgNP-GIC with dental tissue and in

vitro caries inhibition;

> Evaluation of the cytotoxic response of AgNP-GIC on odontoblasts and

hystological response of pulpal tissues through a dentin barrier.
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ANNEX (Cotutelle UFRJ-UHA)

Introduction

La carie dentaire est encore un probleme de santé bucco-dentaire grave dans les
pays développés économiquement, puisqu’elle affecte 60 a 90% des enfants d'age scolaire
et la grande majorité des adultes. Elle est également la maladie bucco-dentaire la plus
répandue dans de nombreux pays en Asie et en Amérique Latine, mais semble étre moins

fréguente et moins sévere dans la plupart des pays africains. [1]

Le traitement préferé des caries avec cavitation est I'ablation du tissu dentaire
déminéralisé et contaminé par préparation de la cavité, suivie par le remplacement des
tissus perdus par des matériaux dentaires tels que des alliages métalliques, des résines

composites, des ciments verres ionomeres ou de la céramique.

De par la nécessité de remplacer les amalgames a base de mercure en dentisterie, les
ciments verres ionomeres (CVI), une catégorie particuliere de matériaux dentaires bioactifs,
ont éte introduits par Wilson et Kent [2]. Ces ciments de polyalkenoate, formés de verres de
fluoro-alumino-silicate et d’une solution aqueuse de poly(acide acrylique), sont toujours
I'un des matériaux les plus prometteurs parmi les matériaux dentaires actuels et ont été

appliqués avec succes en dentisterie depuis plus de 30 ans. Une réaction acide-base conduit
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a la formation d'une phase de gel composite (sels carboxylates) incrusté de particules de

verre qui n’ont pas réagi.

Les CVI sont souvent utilisés dans la pratique clinique a cause de leurs
caractéristiques singulieres. L'importance de ces ciments est attribuée a leur réle dans la
gestion clinique des caries, en Intervention Restauratrice Minimale (IRM), et en gestion des
caries par I'évaluation des risques (CAMBRA). Leurs propriétés anti-cariogéniques comme
la libération de fluorure, I'échange d'ions a l'interface interne entre le CVI et la dent,
I'adhésion directe a la structure dentaire et aux bases métalliques, la réduction des micro-
fuites a l'interface dent-émail, un coefficient linéaire de dilatation thermique similaire a
celui de la dentine et une faible cytotoxicité sont des propriétés uniques qui permettent des
applications spécifiques de ces ciments. Cependant leurs inconvénients tels que leur
sensibilité précoce a I'eau, leur faible résistance a la compression et leur résistance a l'usure
réduite ont limité l'utilisation des CVI classiques dans certaines applications cliniques.
Malgré ces problémes, les CVI ont un champ d'applications spécifiques en pédodontie,
dans lesquels la carie dentaire présente une morbidité élevée. Compte tenu du temps de
chaise réduit et d'autres difficultés de traitement inhérentes au comportement des enfants,
les CVI sont indiqués en raison de la simplicité de la technique et des effets préventifs
observés seulement pour cette classe de matériaux. Ainsi, contrairement aux résines
composites dentaires utilisées pour la restauration définitive de la carie dentaire, ils restent
comme le matériau approprié pour des restaurations de court et moyen terme dans de

nombreuses situations dans la pratique dentaire.

L'utilisation du fluorure dans la prévention de la carie est déja établie en médecine

dentaire, mais actuellement il apparait nécessaire d'élargir I'arsenal des produits de
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prévention par des thérapies antibactériennes efficaces, afin de permettre a la prévention de
devenir moins dépendante des produits fluorés [3]. Dans ce contexte, les nanoparticules
d'argent (AgNP) se sont montrées particulierement efficaces quand elles sont associées a
des matériaux, car elles peuvent changer leur charge de surface, leur hydrophobie, et
d'autres caractéristiques physico-chimiques importantes pour le processus d'adhésion et de
maturation du biofilm bactérien a I’origine des caries [4]. En outre, I'immobilisation des
AgNP dans la matrice polymérigue qui fonctionne comme réservoir d'ions argent, permet
de réduire leur toxicité car cela empéche I'absorption directe des particules par les cellules

de mammifére [5].

Récemment, les nanocomposites a base de résine remplis d’AgNP ont été largement
étudiés comme matériaux antibactériens pour les applications dentaires. Ces matériaux sont
appliqués aux restaurations permanentes, qui exigent une stabilité des couleurs et des
propriétés mécaniques durables. Toutefois, les matériaux a base de résine ne sont pas aussi
bioactifs que le CVI conventionnel a cause du flux d'eau non liée a travers le matériau que
ce dernier présente. La bioactivité des matériaux a base aqueuse est une exigence majeure
pour la lutte contre les caries actives, et aussi la principale raison de I'applicabilité des CVI
dans les approches cliniques modernes, comme I’IRM. Ainsi, la présence des AgNP dans
les CVI a base aqueuse peut donner des propriétés antibactériennes a ce matériau grace a la
libération d'ions d'argent. Cette activité alliée a la libération connue de fluorure pourrait

aussi donner une fonction cariostatique aux CVI.

Poussés par la motivation d'attribuer des propriétés antibactériennes aux CVI, nous
souhaitions analyser si la présence des AgNP pouvait modifier les propriétés du CVI

conventionnel. Le but de cette étude était de synthétiser et de caractériser de nouveaux
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poly(acide acrylique) (AgNP-PAA) associés avec des nanoparticules d’argent via la
technique de photoréduction, d'évaluer les propriétés in vitro du CVI ainsi formé et valider
également ses propriétés antibactériennes, en étudiant la formation de biofilms a la surface

des ciments.

Revue de Litterature

En 1972, Wilson et Kent ont mis au point un matériau palliant aux inconvénients
des silicates utilisés depuis le début du sieécle pour les restaurations dentaires. Ils ont
inventé une nouvelle classe de biomatériaux: les ciments verres ionomeres (notés dans la
littérature frangaise CVI et en anglais GIC: Glass Ionomer Cements) qui sont

principalement utilisés en pédodontie.

Les premiers ciments présentaient des inconvénients tels qu’une prise lente et une
manipulation délicate. Au fil des années, ces matériaux se sont améliorés. Mac Lean et
Gasser (1984), ont incorporé¢ lors du frittage, des particules de métal (Ag) a des poudres de
verre afin d’obtenir une liaison charge-matrice. Une nouvelle catégorie de ciment a ainsi été
obtenue: les CVI composites verre-métal appelés CERMETS. Depuis 1986 nous assistons

au developpement de CVI modifiés par addition de résine (les CVIMAR).

Les CVI traditionnels sont classiquement composés d’une poudre et d’un liquide a

mélanger. IlIs sont le résultat d’une réaction acide-base ou I’acide est le liquide et la base est
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la poudre. Le matériau posséde donc une structure qu’on pourrait presque qualifier de
“composite” avec une matrice renforcée par des charges. Trois phases peuvent étre décrites
dans la réaction de prise: la phase de relargage ionique; la phase de formation de la matrice
hydrogel (prise initiale) qui commence de 2 a 3 minutes apres le début du mélange et dure a
peu prés 5 minutes; et la phase de formation d’un hydrogel matriciel gélifié (prise finale)
qui démarre apres la prise initiale et peut continuer pendant 24h ou plusieurs jours. Une
bonne connaissance de la réaction de prise permet au praticien d’optimiser la manipulation
et I’efficacité clinique de ces matériaux. Au sein du CVI pris, il y a 20 a 25 % d’cau.

L’hydrophilie de ce matériau est donc une propriété directement issue de sa composition.

La carie est une pathologie du tissu dentaire due a la production locale d’acides
organiques par les bactéries cariogénes de la plaque (Streptococcus, Lactobacillus,
Actinomyces) lorsque ces derniéres sont en contact avec des sucres fermentescibles. Ces
bactéries produisent de I'acide quand elles sont disposées sous la forme d'un biofilm a la
surface des dents. Cette acidité est responsable d’une déminéralisation de 1’émail quand le

pH passe en dessous de 5,5 puis de la dentine, plus fragile, en dessous de 6,5.

Les CVI libérent des ions fluorures dans la salive et vers la dent ce qui engendre une
augmentation de la résistance a la solubilité des tissus dentaires en milieu acide. Pour cette
raison le ciment verre ionomeére est un outil important dans la lutte contre les caries. 1l peut
étre considéré comme un reservoir de fluorure et d'autres ions dans la cavité buccale, et

comme une barriére mécanique qui protége la surface de la dent contre les bactéries.

Lorsque la carie se trouve a un stade ou I’émail est complétement détruit, la cavite

qui se forme dans la dentine est irréversible et nécessite donc des soins de restauration
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(soins conservateurs). En I’absence de traitement, I’évolution peut se faire vers des
complications aboutissant a la perte de la dent, avec des conséquences fonctionnelles et

esthéetiques et des problémes infectieux.

Une variété de modifications des matériaux dentaires a été développée dans les
dernieres annees pour leur attribuer des propriétés antibactériennes dans le but de réduire
I'adhérence bactérienne et la formation de biofilm a leur surface, et donc la production
d’acides qui provoquent la carie. Parmi ces stratégies, des nanoparticules d'argent ont été
utilisées avec succes dans la matrice de matériaux polymeéres a base de résine, d'ou elles
sont relarguées lentement et agissent comme des réservoirs d'ions d'argent qui sont connus

pour leur effet biocide a large spectre.

L'utilisation de méthodes photochimiques pour la synthése de nanoparticules
d'argent présente certains avantages comme la réaction sans solvant, la haute résolution
spatiale, la production contr6lée d'agents réducteurs, et le fait de pouvoir se faire sur
différents substrats. Ces agents de réduction activés par une lumiére ionisante (telle que la
lumicre ultraviolette) en présence d'une matrice polymérique (jouant le role d’agent de

stabilisation) induit la réduction des ions d’argent en AgNP.

En raison de leurs propriétés optiques de résonance plasmonique de surface, les
nanoparticules d'argent ont des bandes d'absorption dont la longueur d'onde et la largeur a
mi-hauteur varient en fonction de leur taille moyenne et de la distribution en taille de la

population de particules.
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Objectifs

GENERAL

L'évaluation d’un nouveau ciment verre ionomere experimental contenant
nanoparticules d’argent (AgNP-CVI) avec diverses teneurs d’argent était le but principal de

ce travail.

OBJETIFS SPECIFIQUES

» La synthese in situ des nanoparticules d'argent dans la solution de poly(acide
acrylique) de CVI;

» Les proprietés mécaniques, physico-chimiques, toxicologiques et antibactériennes
in vitro AgNP-CVI ont été analysés pour valider leur applicabilité comme ciments a

base d'eau dans la pratique clinique.
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Materiaux et Méethodes

Le CVI développé ici a été constitué par 1’association d'une solution de poly(acide
acrylique) (PAA) fournie par Sigma-Aldrich et une poudre de verre ionomere de fluoro-
alumino-silicate produite par le Laboratoire de Physique Dentaire de la Queen Mary

University de Londres (Angleterre).

La solution de polyélectrolyte (liquide ionomeére) utilisée dans toutes les
expériences était composée d'un poly(acide acrylique) (PAA) (Mw ~ 100 000 g mol™?, 35%
en poids dans H20) et d’acide L-(+)-tartrique (TA) (99,5%). Une méthode photochimique
par transfert direct d'électrons a été utilisée afin d'induire la formation de nanoparticules
d'argent stables dans une solution de matrice de polyélectrolyte de PAA et TA. Le nitrate
d'argent (AgNO3) (99%) (Sigma-Aldrich) a été ajouté a la formulation liquide ionomere
décrite ci-dessus pour préparer des solutions de polyacrylate d'argent ([-CH2-CH(COOAQ)-
]n ou Ag-PA) contenant une quantité croissante de sels d'argent (0, 0,05, 0,10 ou 0,50 en %
en poids) et d'acide tartrique (5 ou 10 en % en poids). Ces solutions de polyacrylate d'argent

contenant de l'acide tartrique (Ag-PA-TA) sont la base de la réduction en AgNP.

Les solutions d’Ag-PA-TA ont été progressivement irradiees par une lumiere UV
directe et suivie par spectroscopie UV-Vis afin de sélectionner la meilleure configuration
en fonction des bandes de spectres UV-Vis autour de 430 nm. Apres différents temps
d'irradiation (0, 10, 30, 60 et 90 min) les formulations ont été séchées sur une plaque de

verre, et analysées par FTIR-ATR.
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La stabilité colloidale a été évaluée en fonction de leur aspect visuel et suivie par
spectroscopie UV-Vis. L'analyse morphologique des AgNP a été réalisée par microscopie
électronique en transmission. Des solutions contenant des AgNP étaient directement

déposées sur des grilles 400 mesh pour 1’analyse.

Sur la base de la quantité de sel d’argent ajoutée dans les formulations de
polyélectrolytes, les échantillons d’AgNP-CVI ont été classés en quatre groupes: Without

Ag (contr6le négatif); Low Ag (0,05%); Medium Ag (0,10%) et High Ag (0,50%).

Les échantillons d’AgNP-CV I ont été caractérisés par les techniques suivantes:

v" Temps de prise (ISO 9917-1:2007);

v Résistance a la compression (ISO 9917-1:2007);

v Plasma a couplage inductif - spectrométrie d'émission optique (ICP-EOQS);

v Spectroscopie photoélectronique de Rayons X (XPS);

v’ Test de cytotoxicité indirect (essai MTT);

v’ Test de diffusion en gélose (test antibactérien général avec E. coli SCC1);

v' Essais d’activités antibactériennes spécifiques (avec Streptococcus mutans CIP
103220):

v Etude de l'adhérence bactérienne au bout de 3 heures d'incubation dans la salive
artificielle avec observation in situ grace a un microscope confocal a balayage laser
(MCBL):

v" Etude de la structure du biofilm bactérien au bout de 24 heures d'incubation dans la
salive artificielle avec observation in situ grace a un microscope confocal a balayage

laser (MCBL);

155



v Test de viabilité du biofilm bactérien au bout de 24 heures d'incubation dans la
salive artificielle par essai MTT .
v Le test t de Student a été appliqué pour l'analyse statistique et un intervalle de

confiance supérieur a 95% (p-value < 0,05) a été considéré comme significatif.

Résultats et Discussion

Les structures moléculaires des polyélectrolytes (solutions aqueuses de PAA et
PAA-TA) ont été analysées apres irradiation UV par spectroscopie FTIR en présence ou en
absence de sel d’argent. Les spectres d'absorption FTIR ont montré que les groupes
carboxyliques de PAA ne sont pas significativement affectés par la lumiére UV, avec ou
sans argent ajouté a la solution. D'autre part, les spectres d'absorption des solutions Ag-PA-
TA suggérent que la synthése de nanoparticules d'argent se passe entre 10 et 30 minutes

d’irradiation UV, alors qu’apres 60 minutes les chaines de PAA se dégradent.

Les groupes carboxyliques des molécules de TA sont plus susceptibles d'interagir
avec les ions d'argent que ceux des PAA. Ceci peut s’expliquer par le fait que les molécules
plus petites sont censées avoir une réactivité fonctionnelle plus élevée que les molécules

polymeres a longue chaine.

La cinétique de photoréduction dans les formulations de PAA contenant les rapports

AgNOs / TA: (A) 0,05/ 5 pour Low Ag; (B) 0,10 / 10 pour Medium Ag et (C) 0,50 / 10
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pour High Ag montrent une évolution de la bande d'absorption plasmon dans la région de
410 a 470 nm. Ce phénomene refléte le caractere de taille nanométrique de la dispersion
colloidale de particules d'argent sphéroidales produites par cette méthode. Une
augmentation de la conversion induite par la lumiére UV est accompagnée d'une croissance
du cluster et de la formation de nanoparticules. La surveillance des nanoparticules a long
terme (180 jours) a montré qu'elles étaient stables en milieu aqueux en raison de la présence
des chaines polymeéres de PAA, qui agissent comme stabilisants. La taille moyenne des
nanoparticules en solution étaient de 7, 8 et 10 nm, respectivement, pour Low Ag, Medium

Ag et High Ag.

Lors de la caractérisation des AgNP-CVI, les temps de prise ont été juges
acceptables selon les valeurs prévues par la norme, et les valeurs de résistance a la
compression ont été augmentées pour High Ag. Les sels d'argent en exces agissent comme
agents d'ancrage des chaines de polymeére, ce qui augmente la résistance interne du ciment.
En revanche, une diminution de la résistance a la compression du PAA irradié en absence
de sel d'argent est une indication supplémentaire de la possible photo-dégradation subie par
le PAA lorsque les radicaux libres générés par la lumiére UV ne peuvent pas agir

directement sur le transfert d'électrons aux ions d'argent.

La caracterisation biologique du ciment a montre que la quantité d'argent liberée par
High Ag est toxique pour les cellules HGF-1. De plus, I’inhibition de la croissance
bactérienne observee autour des AgNP-CVI suggere que les nanoparticules agissent comme
un réservoir d'argent, provocant la libération d’ions argent de la matrice du ciment a
I'environnement par diffusion. En paralléle, il a été observé que les valeurs de la biomasse

au bout de 3h d'incubation sont inversement proportionnelles a la quantité d’ions argent
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libérés dans I'eau mesurée par analyse ICP, a partir respectivement de High Ag, Low Ag et
Medium Ag. Il est cohérent de mettre en évidence que la formation de biofilm (aprées 24h)
est principalement liée a une quantité croissante d’AgNP qui seraient exposées a la surface
du CVI, et seraient ensuite oxydées pour libérer des ions d’argent. Par contre, les bactéries
adhérées (apres 3h) souffrent également de I’influence de la diffusion des ions a partir des
AgNP-CVI dans les premiers stades de la réaction de prise lorsque la plus grande quantité
d'eau non liée et le flux de I'eau & travers les ciments sont censés attribuer une bioactivité

supérieure.

La comparaison des valeurs obtenues a partir de la littérature montrent que les
AgNP-CVI ont plus d'argent libéré de leur matrice et donc une plus grande bioactivité que

les matériaux a base de résine pour la méme quantité de sel d'argent ajoutée.

La quantité d’ions argent libérés par diffusion a partir de High Ag (~ 1 x 103 M),
ainsi que I'oxydation des AgNP exposées a la surface des ciments ont inactivé la croissance
de la population de bactéries sessiles et affecté la structure du biofilm. Par conséquent, la
quantité totale d’1ons d’argent a probablement atteint la concentration minimale inhibitrice
(CMI) dans ces conditions, et a réduit la viabilité des bactéries a la surface du High Ag. Par
contre, des concentrations plus faibles d’argent qui n’étaient pas en mesure de réduire la
viabilité des bactéries, tel que Medium Ag, peuvent aussi affecter des parameétres de
structure importants du biofilm. En faisant I'analogie avec les résultats d'action de biocides
pour un taux sous-critique sur des biofilms oraux, on peut suggérer que les ions argent
pourraient interférer avec le systeme de detection du quorum du biofilm et donc modifier sa

structure, méme si les bactéries sont encore viables.
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Une des raisons pour laquelle les ions argent pourraient étre un agent antibactérien
stratégique dans l'environnement buccal est due au fait qu’ils ne devraient pas avoir une
interaction a longue distance avec la microflore buccale en raison de leur grande affinité
pour les ions chlorure abondants dans la salive (tendant a former des sels d'argent peu
solubles). Ainsi, I'noméostasie microbienne des biofilms formés loin de surfaces contenant
de I’Ag n’est pas susceptible d'étre perturbée, alors que les biofilms formés sur ces surfaces

pourraient étre plus facilement enlevés.

Enfin, la libération d'ions fluorure connue pour les CVI combinée a la présence
d'ions argent également libérés par les ciments pourrait attribuer a ces matériaux une
activité cariostatique qui leur donne un grand potentiel d'application pour le traitement de la

carie.

Conclusions

> Des nanoparticules d'argent ont été synthétisées in situ dans la solution de
poly(acide acrylique) contenant de I'acide tartrique par irradiation UV induisant un transfert

d'électrons a partir des groupes carboxylates non liés du polyélectrolyte vers I'espece Ag .

> Les nanoparticules d'argent sphéroidales dont la distribution en taille est centrée
de 7 a 10 nm en fonction de la formulation initiale, sont restées stables dans la matrice de

polyélectrolytes jusqu’a 180 jours.
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> Le systeme colloidal a été maintenu par une stabilisation électrostérique en
contrélant la concentration initiale de l'acide tartrique (rapport molaire Ag*/COQ") et le

temps d'exposition a la lumiere UV de chaque formulation.

> Malgré le temps de prise augmenté par I'addition des AgNP, la réaction de prise

reste acceptable selon les exigences de la norme 1SO9917:1.

> La résistance a la compression n’a pas ¢té modifiée par la synthése in situ des
AgNP dans les CVI, et la résistance a la compression de High Ag a méme augmenté par
rapport au controle. Medium Ag et Low Ag ont des valeurs similaires a celles du matériau
de référence (Vitro Molar™), indiquant une utilisation potentielle des AgNP-CVI pour

I'application dentaire.

> High Ag a libéré une quantité plus grande d’argent lors d'une incubation dans de

I'eau déeminéralisée pendant 24h par rapport @ Medium Ag et Low Ag.

> Aprés adsorption de protéines salivaires a la surface des ciments, la quantité

d'argent exposée directement aux bactéries est diminuée.

> La viabilité des HGF-1 diminue significativement dans le groupe High Ag a

cause de la grande quantité d'ions d’argent libérés a partir de ces ciments.

> Tous les groupes contenant de l'argent montrent des différences significatives
d'inhibition de croissance de E. coli par diffusion sur gélose, suggérant une bioactivité des

AgNP-CVI.
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> Les bactéries adhérées sur les matériaux (3h) ont montré une tendance a former
des microcolonies de bactéries agglomérées sur les surfaces d’AgNP-CVI par rapport au
témoin (FB) (p-value < 0,05), et les valeurs de la biomasse étaient significativement

différentes du Without Ag (p-value < 0,05).

> Les valeurs de biomasse du biofilm (24h) sur les groupes Medium Ag et High Ag
ont montré des différences statistiquement significatives par rapport au contréle (FB) (p-

value < 0,05), ainsi que par rapport a Without Ag (p-value < 0,05).

> Medium Ag affecte des parametres importants de la structure du biofilm, comme
la biomasse, I'épaisseur moyenne et le rapport surface sur volume par rapport a Without
Ag, mais la viabilité mesurée par l'activit¢ MTT n’est pas modifiée de manicre significative

ni pour les bactéries formant les biofilms, ni pour les cellules HGF-1.

> La quantité d’ions argent relarguée a partir de High Ag est efficace pour inactiver
la croissance de la population de bactéries sessiles et affecte la structure du biofilm,

réduisant la viabilité des bactéries, mais aussi celle des cellules HGF-1.

> On peut affirmer que le nouveau AgNP-CVI développé dans ce travail s’est avéré
avoir un effet biocide contre les biofilms de S. mutans, suggérant la dissolution oxydative
des ions d'argent a partir de la matrice du ciment, sans causer d’effet cytotoxique sur les

cellules HGF-1 ni réduire la résistance a la compression du ciment final.
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Proposition d’Etudes Futures

> La synthése d’ AgNP par photoréduction in situ dans la solution de PAA d'un CVI

disponible dans le commerce;

> La synthése d’AgNP par photoréduction in situ dans différentes solutions

d’homopolymeéres et de copolymeéres de PAA;

> L’¢étude de l'influence des différentes compositions de verres ionomeéres sur la

bioactivité et les activités biocides d’AgNP-CVI;

> L’exploration du mécanisme de purification du PAA par le processus de synthese

photochimique in situ des AgNP en solution;

> L’étude du mécanisme par lequel un niveau sous-critique d'ions d'argent peut
perturber la formation du biofilm, soit parce qu’il peut étre lié a une interférence avec le
systéeme de détection du quorum des bactéries cariogéniques, soit a leur production d'acide,

leur tolérance a I’acide et / ou leur résistance;

> L’évaluation ex vivo de I'échange d'ions du AgNP-CVI avec les tissus dentaires et

I'inhibition in vitro des caries;

> L’évaluation de I’effet cytotoxique des AgNP-CVI sur les odontoblastes et la

réponse histologique des tissus pulpaires a travers la barriére de la dentine.
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