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ABSTRACT 

Composition of restorative glass-ionomer cements and its crucial role on the 

material properties 

 

During the years, many changes in restorative glass ionomer cements composition were 

performed aiming superior properties, as reduction on particles size and acid 

lyophilization. This thesis showed scientific evidence about GICs, from 3 articles with 

the following specific objectives: (1) to evaluate and correlate fluoride release with 

acid erosion; (2) radiopacity; (3) deeply understand the fluoride uptake process inside 

the cement matrix. For fluoride release test, specimens were placed in pH cycling 

solution, and fluoride amount measured by a fluoride-ion selective electrode for 15 days. 

For the acid erosion test, specimens were immersed in a lactic acid solution and their 

depth measured with a spring-loaded dial gauge. For radiopacity test, a dental x-ray 

machine was used, and superficial analysis processed for the 18 materials according to 

ISO 9917-7. For the third article, experimental fluoride-free glass specimens were stored 

KF solution for 24h and 19F MAS-NMR data was performed with SEM observation and 

EDX chemical analysis. The results found confirmed significant difference among 

restorative glass ionomer cements for amount and pattern of fluoride release, acid erosion 

and radiopacity. A positive correlation was found for fluoride release and acid erosion. 

Eleven from eighteen materials did not achieve the minimum value established by ISO 

for radiopacity. Composition and ratio P/L influenced the results showed. About the 

species found inside the cement matrix, AlF complexes are possibly formed when 

fluoride is uptaken by the cement, especially in the external surface, and a small amount 

is rereleased in the next 24h.  

Keywords: Glass Ionomer Cements, Fluoride, Permanent Dental Filling, Energy 

Dispersive X-Ray Spectroscopy 



 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

RESUMO 

Composição de cimentos de ionômero de vidro restauradores e seu papel 

fundamental nas propriedades do material 

 

Ao longo dos anos, diversas mudanças foram realizadas na composição dos cimentos 

restauradores de ionômero de vidro visando propriedades superiores, como redução no 

tamanho das partículas e liofilização ácida. Esta tese apresentou evidências científicas 

sobre os CIVs, a partir de 3 artigos com os seguintes objetivos específicos: (1) avaliar e 

correlacionar a liberação de flúor com a erosão ácida; (2) radiopacidade; (3) compreender 

profundamente o processo de absorção de flúor dentro da matriz de cimento. Para o teste 

de liberação de flúor, as amostras foram colocadas em solução de ciclagem de pH, e a 

quantidade de flúor foi medida por um eletrodo seletivo de íons flúor por 15 dias. Para o 

teste de erosão ácida, os espécimes foram imersos em uma solução de ácido lático e a 

profundidade medida com um relógio marcador. Para o teste de radiopacidade, foi 

utilizada uma máquina de raios-X e a análise superficial processada para os 18 materiais 

de acordo com a ISO 9917-7. Para o terceiro artigo, espécimes experimentais de vidro 

sem flúor foram armazenados em solução KF por 24h e os dados de 19F MAS-NMR  

foram obtidos juntamente à observação em MEV e análise química de EDX. Os 

resultados encontrados confirmaram diferença significativa entre os cimentos 

restauradores de ionômero de vidro para quantidade e padrão de liberação de flúor, erosão 

ácida e radiopacidade. Uma correlação positiva foi encontrada para liberação de flúor e 

erosão ácida. Onze dos dezoito materiais não atingiram o valor mínimo estabelecido pela 

ISO para radiopacidade. A composição e a relação P/L influenciaram os resultados 

apresentados. Sobre as espécies encontradas dentro da matriz do cimento, os complexos 

de AlF provavelmente são formados quando o flúor é absorvido pelo cimento, 



 
 

principalmente na superfície externa, e uma pequena quantidade é relançada nas próximas 

24h. 

Palavras-chave: Cimentos de Ionômeros de Vidro, Fluoretos, Restauração Dentária 

Permanente, Espectrometria por Emissão de Raios X 
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1 INTRODUCTION 

 In restorative dentistry, glass ionomer cements (GICs) are well-known materials 

due to either their exclusive properties (chemical adhesion and fluoride release) or 

specific limitations (low resistance to wear and strength in posterior teeth). Although the 

name “glass ionomer” is recognized and accepted by dentists, this is not strictly correct 

because the International Organization for Standardization (ISO) states this material as 

“glass polyalkenoate cement” [1]. Regardless of many marketable acid-base based 

products, GICs are composed by two component systems: aqueous acidic solution and 

basic glass powder. The final mixture results in a salt, which in practice is only obtained 

in aluminum-silicate glasses, where the addition of fluoride and phosphate is satisfactory 

[1]. The water-based or organic-based liquid acts as proton donor, while the essentially 

amphoteric powder acts as proton acceptor in the correspondent reaction after mixture. In 

this case, the essential cations (e.g., aluminum) are expected to have a network forming 

capacity due to small ionic radius, high charge, and high ionic potential, [2]. Besides 

aluminum, the powder usually contains Si, Ca,  and other elements as fluoride and 

phosphate. Recent formulations contain strontium as a substitute for calcium because of 

the chemical and physical similarity between both elements, without influencing the 

structure of the glass or disrupting the structure of hydroxyapatite [3,4]. A study showed 

that strontium is extensively present in enamel [5]. The literature suggests the replacement 

of the calcium lost from dentine during caries lesions by strontium from glass-ionomer 

cements [3]. Also, the Ca/Sr change increases the chemical shift and radiopacity of the 

cement setting [4]. 

 The ratio of basic components (Al, Si, and Ca/Sr) plays a key role in cement 

formation. Firstly, a tetrahedral network with oxygen bridges is formed by Si and Al, in 

which negative charges induced by Al are later compensated by Ca, leading to a more 
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basic glass [6,7,8] and forming calcium-rich sites. Thus, ions as sodium and calcium do 

not take part in the three-dimensional network but are in the glass as well. The Al:Si ratio 

(around 1:2) is mandatory for controlling the setting reaction rate, which is critical for a 

satisfactory reactivity and hydrolytic stability, as high Al/Si ratios increases the cement 

stability [9]. In summary, by considering the different elements, silica by itself would lack 

reactivity and basicity due to a formed structure without charge, but with addition of 

aluminum forms AlO4 tetrahedral. For that last to be completely balanced and to achieve 

a basic character, i.e., to promote local electroneutrality, extra cations (Na and Ca) are 

placed inside the composition. High amount of sodium ions are not expected because of  

adverse effects on the hydrolytic stability and the nature of univalent ions, resulting in a 

weakly bound in the matrix [2]. Tartaric acid is a complexing component that plays a role 

in increasing the handling working time. The rationale behind this is that tartaric acid is  

a rate-modifying additive that can prevent the precipitation of aluminum salts and by 

chelation [10].  

 All powder components are melted at high temperature. After a shock cooling, 

they are finely grounded into particles. The cement-forming reaction starts after the 

powder-liquid mixing by the acidic protons attacking the glass particles [6]. This attack 

is not simultaneously because it preferentially starts at calcium-rich sites. Thus, 

progressively rigid metal ion bridges start replacing hydrogen bridges in the liquid phase, 

leading to a gel phase  [2]. Then, the second stage of the reaction is related to the 

beginning anion and cation precipitation, resulting in gelation. The phases of the cement 

are bound together (chemical gelation) through ion-binding and the glass powder 

unreacted portion acts as filler [9]. As the decomposition of the aluminosilicate glass to 

silica gel occurs, ions are released from the glass and accumulate in solution with ionizing 

polyacrylic acid chains, which increases the pH [2]. The more cations get bounded, the 
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greater the number of crosslinking, depending on the cation nature and the ionization 

degree of the polyacid chain [2]. The formed insolubilized polysalt starts the rigid 

framework of the cement setting, with all water incorporated into the cement and no phase 

separation. The resulting cement setting is constituted by the following components: a 

hydrogel matrix, a silica gel matrix, and glass particles containing poly-salt bridges 

between metallic ions and carboxylate groups. The networks contained in the cement 

setting are, then, according to literature, the organic network with copolymers with 

metallic connecting ions and the inorganic network based on silica and phosphate ions 

[9]. 

 Many factors affect the curing reaction and the overall properties of the cement 

setting, as the chemistry and formulation of the glass and acidic polymer [9]. The most 

important challenge was to find the appropriate balance between the handling 

characteristics of the cement and the improvement of mechanical strength. For example, 

because the unstable acidic aqueous solution became viscous as time went by, tartaric 

acid have been used as chelating agent in the commercial materials, resulting in the 

lyophilized acid. Other factors as the increase of the molecular weight of the acid, 

powder/liquid ratio, and particle size distribution have also been cited [6,11]. According 

to Caluwe 2014, the combination of small particles with the original glass results in glass 

ionomer cements with improved mechanical and handling properties, as expected [12,13]. 

Improving the P/L ratio also increases the setting rate and mechanical strength; smaller 

particles also improve wear resistance, surface hardness, and compressive strength [11]. 

On the other hand, both lead to an increase in the viscosity, making handling and 

workability difficult. 

 All glass ions but H+ and OH are released due to the water inside the reaction: 

sodium and fluoride (monovalent); calcium, strontium, barium,  and zinc (divalent); 
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aluminum, or ion complex formers (trivalent)  [14]. Also, cements placed in acidic 

solutions release more ions and are vulnerable to the attack and disintegration of alkaline 

solutions [15]. The literature suggests that phosphorous plays a role in controlling the ion 

releasing from the glass surface, as in the cement working and setting times. Phosphorous 

charge preferentially balances aluminum and binds NBOs in the glass network [4]. By 

leading to less reactive glasses, other cations can bind to P04 during setting, leaving less 

available cations to react with the acid groups [11]. This can consequently result in weaker 

cements. Apart from Na+, the release of other ions as fluoride, potassium, aluminum, 

silicon, and phosphorous into water seems to be controlled by diffusion [14]. The most 

known and desirable ion to be released from the cement is fluoride, which happens both 

in free and complexed forms. Three cations (strontium, calcium, and aluminum) have 

releasing profiles similar to that of fluoride [16]. The specific role of fluoride will be more 

detailed presented below. 

 Although the higher acid strength of phosphoric acid, polyacrylic acid seems to 

be satisfactory in extracting ions from the ion-leachable glass, and this extraction from 

the glass is aided by complex formation [17]. To be efficiently extracted by the polyacid 

and play its essential role, fluoride is expected to be in crystalline form – fluorite-, in the 

glass. Also, the forming of complex fluorides leads to the important transfer of ionic 

species and their interaction with polyacrylic acid. If the correspondent extraction does 

not happen, the resulting cement ends up not workable because the system pH rises too 

quickly [17]. Thus, the fluorine content is closely related to specific functions in the glass 

network. Firstly, it disrupts this network, breaking it up and facilitating its acid attack, as 

described before. The disruption of the glass network occurs by the production of [SiO3F] 

and [AlO3F] tetrahedra [7], that means Si-F and Al-F bonds. The increase in acid 

reactivity  results in one non-bridging fluorine and one non-bridging oxygen [18] or two 
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non-bridging fluorine [19], which weakens the glass network. Higher reactivity of the 

glass means that fluoride weakens the glass network, which results in less bonds needed 

to be broken to disrupt its structure [11]. The susceptibility to acid attack can be expected, 

although the addition of metal fluorides to the glass does not intrinsically affect the 

basicity of the glass [7]. Despite of the high reactivity and aid in extracting cations from 

the glass powder, the increase of fluoride small particles above 20% results in reduced 

workability, i.e., high viscous cements [11]. The other function of fluorine incorporation 

for the glass network structure is related to the transition for the melting at lower 

temperatures by approximately 2003o C . The disruption of the glass network allows the 

relaxation phenomenon to take place by replacing bridging oxygens by non-bridging 

fluorine in the glass [14].  

 Fluoride is a main constituent of the glass (about 20%) and a major part of it 

remains in the glass [17] and promotes the formation of complexes with other elements 

in the polysalt matrix. The formed fluoride complexes have been studied but not well 

stablished in literature. An unaddressed question is whether there would be significant 

chemical ordering or the cations would be randomly distributed around the F sites [20]. 

This ordering is related to the solubility of fluorides in glass-forming liquids, the volatility 

of fluoride in batch melting, and the influence of fluoride on the optical properties. 

Considering the content of fluoride in the glass, in F-free glasses network modifier cations 

compete for coordination of NBOs, while in F-bearing glasses it appears that cation field-

strength differences lead to significant non-randomness in the coordination fields of F- 

ions [20]. Those ions seem to have some ‘predilection’ for highly charged to size ratio 

and smaller cations and it is suggested that this is a general feature of fluorosilicate glasses 

[20]. At high-fluorine content, the replacement of NBOs by non-bridging fluorine occurs, 

with the presence of small amounts of Al(V) and Al (VI) coordinated sites that might be 
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correlated to Al-F-Ca species[21], since higher coordination states are favored by higher 

fluorine contents [4]. The formation of fluoride complexes strongly affects the cement-

forming reaction and this aids in the extraction and transport of cations and prevention of 

the premature binding to polyanion chains [2]. In aluminosilicates, results from 

spectroscopic studies suggests that fluoride is strongly bonded to aluminum, forming 

complexes as AlF2, which are well-stablished species for other materials [6,22,23]. In a 

sodium-fluoride-aluminum-silicate glass, coordination state of five and six were found 

for aluminum, suggesting presence of AlF5 and AlF6 [24]. Despite that, there is no 

enough evidence today to support that [6]. Recent 19F NMR study described the presence 

of quantities of SiF bonding and in cases where the mole fraction of sodium exceeds that 

of aluminum, also formation of FNa [20]. Another 19F NMR study found evidence for 

Al-F-Ca and F-Ca [25]. As it is easy to conclude from other studies, the bonding depends 

on the composition of the glass, since each study usually follows different formulations. 

According to Nicholson 1998, hydrogen bonds among fluoride and carboxylic acids do 

exist and are strong and might be another possibility [6].  

 Besides the functions related to fluoride already described, three other 

characteristics are fundamental in a clinical point of view for glass ionomer cements 

(clearly, all of them are associated and the division is for a more dynamic view of them): 

(I) fluoride seems to increase mechanical strength of the cement; (II) it is released from 

the cement playing a desired anticariogenic property role; (III) decreases the refractive 

index of the glass. As known, incorporation of fluoride increases reactivity of the glass, 

but not only that: also, it increases the crosslinking of the poly salt matrix [11]. This is 

explained by the formation of strong hydrogen bridges with the aluminum carboxylate 

complexes, resulting in stronger cements. Thus, the presence of fluoride enhances 

compressive strength and decreases susceptibility to water-uptake [6,11]. Compared to 
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fluoride-free cements where the compressive strength rarely achieved values above 100 

MPa, fluoride-containing cements were capable to reach above 200 MPa at 24h [6,24]. 

Nevertheless, fracture toughness was shown to decrease significantly when the fluoride 

content was increased in a glass [14]. The most recognized property of fluoride in glass 

ionomer cements is the capacity of releasing those ions. This feature is quite beneficial, 

considering the movement of ions from the matrix to the liquid and vice-versa [14], as 

uptake and re-release of ions happens as well. Conventional materials present two phases 

for this process of fluoride release: first, an initial burst of greater number of ions and 

secondly a continuous constant reduced release [26]. The second phase occurs by 

diffusion, dissolution, or a combination of both. For fluoride ions, diffusion was 

suggested to be the controlling mechanism, at least for the first year [14]. The surrounding 

solution influences the amount of release, e.g., artificial saliva which might produce a 

deposit of insoluble calcium fluoride on the cement surface and has higher ionic 

concentration, which interferes by reducing the number of ions released [14]. Also, when 

bonded to aluminum, both elements are more likely to be released together, since fewer 

chemical bonds need to be broken to release the complex [14]. The last characteristic is 

the capacity of fluoride ions to match the polysalt matrix resulting in optically translucent 

cements with low refractive indexes. A recent study demonstrated a linear correlation 

between elemental fluoride/metal fluorine content and refractive index of glasses [27]. 

With a more disrupted structure, fluoride-containing glasses also show larger atomic 

spacings, consequently a reduced glass density and refractive index [27]. Thus, 

incorporation of fluoride is capable of reduce the dielectric constant of the glass [28], 

which also reduces polarizability and refractive index. The microstructure of an opal glass 

was tested and showed a main calcium aluminosilicate matrix merged with droplet with 

an inner core of fluorite [2]. 
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 The accurate measurement of optical properties of fluoride glasses, that is, the 

case of glass ionomer cements, is considered difficult because of poor homogeneity of 

the samples, with high degree of ionic bonding, and disordered ion packing in the 

structure [29]. Those properties (especially optical dispersion and eigen absorption) are 

then related to the optical properties of the cations and fluorine anions, as well as 

characteristics of the chemical bonds M-F [29]. Among them, radiopacity is considered 

relevant to restorative materials, since it can be the only way for detection of secondary 

caries after the restoration placement, the most common factor for its failure. 

Notwithstanding, many glasses lack sufficient radiopacity [21]. Many elements can be 

added to dental materials as radiopacifying agents: zinc (Atomic number AT-30), 

strontium (AT – 38), barium (AT – 56), lanthanum (AT – 57), and zirconium (AT – 40). 

Considerable aspects about those elements for radiopacity are the atomic number of each 

and their proportion in the glass composition. As indicated before, it is usual nowadays 

the substitution of calcium by strontium in the glass composition without significant 

structural changes, even with more ordered and crystalline state. Also, the slightly larger 

ionic radius of 1.16, compared to 0.94 nm of calcium, is responsible for better radiopacity 

[21]. So, strontium is the most frequent element added for achieving higher density of 

both the glass and the crystal structure resulting in higher radiopacity, with no adverse 

effects on other interesting optical properties [16]. Radiopacity values are expected to 

meet the requirements from the International Organization for Standardization, which has 

a minimum value to recognize the restoration and to see failures around it (e.g., secondary 

caries), but should not be very high, resulting in a “Match effect”. Opposite to materials 

as amalgam, glass ionomer cements display a variability of radiopacity values depending 

on the composition, but the maximum strontium content did not cause the cited “Match 

effect” [16]. Also, radiopacity is directly proportional to the increase strontium content 
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[16]. Modern formulations of glass ionomers also changed Al2O3/SiO2 ratio and 

decreased CaF2 to improve aesthetics and the degree of transparency [9]. Some focus has 

been given to strontium in glass ionomer cements because, nowadays, it is the most usual 

element added in commercial cements to achieve radiopacity. Although barium has a 

higher intrinsic radiopacity and atomic number, few materials are composed by it.  

 Thus, this study aimed to evaluate different properties of conventional glass 

ionomer cements, divided into 3 articles: (1) fluoride release, and acid erosion; (2) 

radiopacity; (3) fluoride uptake.  
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PMID: 30502961. 

 

POSITIVE CORRELATION BETWEEN FLUORIDE RELEASE AND ACID 

EROSION OF RESTORATIVE GLASS-IONOMER CEMENTS 

Lígia S. Buenoa, Rafael S. Menezesa, Ana Paula R. Magalhãesa, Maria Fidela L. 

Navarroa, Renata C. Pascottob, Marília A.R. Buzalafa, Sharanbir K. Sidhuc, John 

W. Nicholsond, Ana Flávia S. Borgesa 

a Bauru School of Dentistry, University of São Paulo, Bauru, São Paulo, Brazil. 

lih.sbueno@gmail.com 

b State University of Maringá, Maringá, Paraná, Brazil. renatapascotto@gmail.com  

c Queen Mary University of London, Barts & The London School of Medicine and 

Dentistry, Institute of Dentistry, Turner Street, London, UK. s.k.sidhu@qmul.ac.uk  

d Queen Mary University of London, Barts & The London School of Medicine and 

Dentistry, Institute of Dentistry, Turner Street, London and Bluefield Centre for 

Biomaterials, 67-68 Hatton Garden, London, UK. john.nicholson@bluefieldcentre.co.uk 

Email: lih.sbueno@gmail.com 

 

 

 

 

 

 

 

mailto:lih.sbueno@gmail.com
mailto:renatapascotto@gmail.com
mailto:s.k.sidhu@qmul.ac.uk
mailto:john.nicholson@bluefieldcentre.co.uk
mailto:lih.sbueno@gmail.com


36 
 

Abstract 

Objectives: The aim of this study was to determine whether there is a correlation between 

acid erosion and fluoride release of conventional glass-ionomer cements (GICs). 

Methods: Ten specimens for each material were prepared for fluoride release tests and 

five for acid erosion tests separately. After placed in pH cycling solution, concentration 

of fluoride was measured by a fluoride-ion selective electrode each day for 15 days. For 

the acid erosion test, specimens were immersed in a lactic acid solution and their depth 

measured with a spring-loaded dial gauge. The data were submitted to 3-way ANOVA, 

followed by Tukey’s test (p<0.05)  

Results: All materials showed ability to elute fluoride in the 15 day period of the test, with 

the same pattern of high fluoride release at the first 24h. Despite this, the amount of 

fluoride released was statistically different among the 18 groups, with the highest for 

Maxxion R and the lowest for Chemfil Rock (p>0.05). The highest acid erosion values 

were registered for Magic Glass, Ion Z, VitroFil and Maxxion R, which exceeded the 

maximum stipulated by the relevant ISO test (ISO 9917-1). A positive linear correlation 

(r²=0.4886) was found for both properties, i.e., higher fluoride release is related to higher 

acid erosion.  

Significance: Acid erosion and fluoride release are related properties of GICs, though 

factors such as pH and P/L ratio lead to differences between actual values for individual 

brands of these materials.  

 Keywords: Fluoride, Erosion, Glass Ionomer Cements, Health Promotion, Permanent 

Dental Filling 

  

1. Introduction 
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         Dental caries is a dynamic process [1] and recently better understanding of the 

disease has led to minimal invasive management instead the traditional operative 

approach [2]. As a suitable material and the first to represent bioactive restorative 

materials, glass-ionomer cements (GICs) are the materials of choice when caries activity 

is high [3]. 

Bioactive materials can be defined as ‘materials that elicit a specific biological response 

at the interface between tissues and the material’ [4]. Glass-ionomer cements chemically 

bond to tooth structure [5] and their fluoride release and recharge abilities are important 

for their clinical application. Although the preventive effect of GICs on caries progression 

is widely discussed in the literature, it is not well understood [6].  However, a recent in 

vitro study suggests the anti-cariogenic biofilm activity of GICs is associated with their 

fluoride release rate [7]. In vivo studies show that fluoride is taken up by saliva and the 

surrounding enamel and that fluoride release can continue for at least 1 year [8]. Besides 

that, fluoride is known to destabilize the glass network, which facilitates bulk partial loss 

of fluoride directly from the glass [9]. 

         Clinical limitations of GICs are mainly associated with poor mechanical 

properties and low wear resistance. Some studies have correlated high fluoride release 

with poor mechanical properties [10,11] but more recent glass-ionomer formulations 

show improved mechanical properties and longevity compared to dental amalgam in 

Atraumatic Restorative Treatment (ART) as well as sustained fluoride release [12].  

Because of the need to consider the place of glass-ionomer cements in future restorative 

dentistry, particularly from the perspective of developments in minimally invasive 

dentistry [13], commercial conventional glass-ionomer cements need to be studied. In 

particular, it is important to understand the relationship between their acid erosion and 

fluoride release, both of which are essential factors for durable long term restoration. 
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The aim of this study was to determine fluoride release and acid erosion of selected 

conventional restorative glass-ionomer cements with standardized methodology and to 

determine whether these properties are correlated. The null hypotheses were: (1) there is 

no difference among the 18 GICs studied in the pattern (quality) and amount (quantity) 

of fluoride released; (2) there is no difference among these GICs for acid erosion rate; 

and (3) there is no correlation between fluoride release and acid erosion rate. 

 

2. Materials and Methods 

The brands and composition of restorative conventional glass-ionomers tested are 

described in Table 1. 

 

2.1 Fluoride release test  

Materials handling was carried out at controlled temperature (23º ± 1º) and relative 

humidity (50% ± 5%). The same operator prepared all specimens. The powder-to-liquid 

(P/L) ratio used and materials were manipulated according to the manufacturers’ 

instructions.  Powders were weighed accurately using an analytical balance, and liquids 

were dispensed using  a Centrix syringe (Centrix, Shelton, CT, USA). For each restorative 

material, ten disk-shaped specimens (sps) 11.0 mm in diameter and 1.5 mm thick were 

made using cylindrical Teflon molds. Immediately after mixing, the cement was inserted 

into the mold and covered by a polyester strip at top and bottom surfaces. Also, a nylon 

thread piece was introduced to the specimen’s middle to suspend it at the storage media. 

Glass plates were used as a base below and above, tightened and pressed to produce a 

smooth surface. After the cement cured initially for 10 minutes inside the molds, the 

specimens were removed and excess material was cleaned carefully using a scalpel blade. 

Then, each specimen was individually immersed in Falcon plastic containers with 4 mL 
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of solution, hermetically closed and stored at 37 °C for 15 days. During this period, the 

specimens were periodically transferred to new experimental solutions. The solutions 

represented a pH-cycling system, where the specimens were immersed for 6 hours in a 

demineralizing solution (calcium 2.0 mmol L-1, phosphate 2.0 mmol L-1 and acetate 

buffer 75 mmol L-1pH 4.3) and for 18 hours, in a remineralizing solution (calcium 1.5 

mmol L-1, phosphate 0.9 mmol L-1, potassium chloride 150 mmol L-1 and Tris buffer 

20 mmol L1 pH 7.0). 1 This system was designed to simulate a situation of high caries 

challenge, with rapid changes in pH.  Fluoride ion concentrations were determined in 

duplicate 1 mL volumes of solution removed from the individual sample containers with 

the use of total ionic strength adjustment buffer II (TISAB II). Fluoride ion concentration 

was measured using an Orion fluoride-specific electrode (model 96-09) and a Procyon 

digital ion analyzer (model SA-720) that had been previously calibrated. The mV readings 

were transformed into µgF/mm² by the formula (amount released*total quantity of 

solution)/specimen area. 

  

 2.2 Acid erosion test 

For all materials, five specimens were made with a mold (30 mm × 30 mm × 5 

mm) with a hole of 5 mm diameter and 2 mm deep. The whole assembly was placed in a 

cabinet maintained at (37 °C ± 2 °C) and a relative humidity of 90%. After 24 hours, all 

specimens were smoothed with abrasive papers and continuous water irrigation until flat. 

Specimens with flaws or air inclusions were rejected. Five points of the specimen mold 

were measured with a spring-loaded dial gauge (Digimess, São Paulo, SP, Brazil) to 

calculate the cements' initial depth. It was spaced at 90° intervals of 0.5 mm–1.0 mm from 

the specimen. Each specimen was immersed horizontally in an individual container with 

30 ml of the eroding solution. The eroding solution was made with lactic acid and lactate, 
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both previously calculated and dissolved in water. The solution’s pH was 2.74. Afterward, 

it was stored for about 24 h in the cabinet at (37 °C ± 1 °C). After a 24 h of immersion, 

the specimens were removed and rinsed with water, as defined in ISO 3696:1987. 

Measurements and calculations were made in five points, as described before the erosion 

challenge. 

  

2.3 Statistical analysis  

The data were statistically analyzed with SPSS for Windows v.19.0 (IBM 

Statistics, Chicago, USA). The normal distribution and equality of variances assumptions 

were checked for all variables using the Shapiro-Wilk test and the Levene test, 

respectively. As the assumptions were satisfied, data were subjected to 3-way ANOVA 

(p ≤ 0.05), followed by Tukey’s test (p < 0.05), for individual comparisons. 

  

 

3. Results   

All conventional glass ionomer cements showed capacity of releasing fluoride 

during the 15 day storage period. The amount of fluoride released varied considerably 

between materials, as shown in Table 2 and Figure 1. However, the pattern of fluoride 

release was the same for all GICs, with a high initial amount in the first 24h and a lower 

sustained amount for the remaining 15 days. The total amount of F- ions released for the 

15 days is, in descending order: MA > VF> MG > IZ > BG > IM > IG > IP > GI > VM 

> IS > EF > VD> FIX > RV > KM > FII >CR. Figure 2 shows the cumulative quantity 

of fluoride ion released from each material, according to the pH of the used solutions.  

The highest acid erosion values were registered for MG, IZ, VF and MA with no 

statistical difference between them. The brands IM, KM, VD, IP, FIX, CR, GI, RV, FII 



41 
 

(p<0.05) showed the lowest acid erosion with no significant differences between them 

(p>0.05). The results for acid erosion are presented in Table 3 and Figure 3. The other 

groups, VM, EF, IS and IG showed intermediate values.  

A linear correlation was found to exist between fluoride release and acid erosion 

(r²=0.4886) as seen in Figure 4. In Figures 5 and 6, the influence of high or low P/L ratio 

on the fluoride release of the materials is strongly seen. 

   

4. Discussion 

 

This is the first study to determine the relationship between acid erosion and 

fluoride release for restorative conventional glass ionomer cements (GICs).  Results show 

great scatter in both properties by the eighteen commercial glass ionomer cements, which 

allows comparison among materials. One previous study used fifteen materials in a test 

of fluoride release, but materials were of different types, and only three of them were 

conventional glass ionomer cements. [10] 

Unfortunately, for most of materials tested in this study, there is no data in the 

literature about their fluoride release or their acid erosion. Anyway, it can be difficult to 

compare fluoride release results in the literature because of the different methodologies 

used to determine fluoride release [14,15]. The first null hypothesis of the present study 

was partially accepted, as the findings confirm those of several previous studies in terms 

of the pattern of fluoride release [14,16,17]. However acceptance was only partial, as the 

amount of fluoride released by each of the 18 GICs were significantly different. The 

pattern is of a two-part release profile, with an “initial burst” lasting around 24 h (process 

I), and a longer term sustained release of smaller amounts of fluoride which continued up 

to the end of the 15 day period of the study (process II) [6]. 
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 The materials GI and EF had different fluoride-release behavior from the other materials 

studied.  At the 24 h period, they showed the fourth and seventh highest values, 

respectively, but by 15 days, they were in the group with the lowest values, and showed 

no statistical difference from other materials that had released only low amounts of 

fluoride at each time period (p<0.05). These results suggest that the two release processes 

are not related to each other, and that the occurrence of large amounts of loosely bound 

fluoride that is easily released in process I does not imply that there are also large amounts 

of fluoride available for release in process II. The longer term release (process II) occurs 

by diffusion of fluoride through a developing matrix which is undergoing gradually 

increasing crosslink. The amount of fluoride released in this second process depends on 

the nature of the matrix formed.  The fact that these materials showed drastically 

decreased fluoride release after the first 24h confirms that fluoride diffusion is impeded 

as the matrix forms[18]. 

Although many studies have been made of fluoride release, most are empirical 

and not concerned with the mechanism of release [19]. Studies on older materials 

suggested that total amount of fluoride release is less than 1% of fluoride content available 

in the cement [20,21]. Thus, fluoride release is not simply a function of the fluoride 

content.  The composition of the cement and the kinetics of its setting reaction are also 

factors in determining the amount of fluoride released [22]. Even with high amounts of 

total fluoride in the cement, fluoride release may not be high, because fluoride may 

become trapped within the matrix and able to diffuse out only slowly. The ease of 

diffusion may vary depending on material composition and extent of reaction, and this 

will determine the amount of ions released [9]. 

Results in the present study showed that pH influenced fluoride release from 

GICs, confirming previous literature reports [11]. The results showed that there was 



43 
 

higher fluoride release with lower pH for all GICs tested (pH cycling with 

remineralization/demineralization), as seen in Figure 2.  This is a general observation for 

all ions, since release of ions such as sodium, phosphate and silicate have also been found 

to increase at lower pH values [23].   Lower pH solutions contain higher amounts of H+ 

ions [24] and these attack the cement matrix, causing release of ions and consequently 

dissolution [25,26]. This is clinically significant as plaque pH after a sucrose rinse can 

decrease to a pH of 4 – 4.5 [11], which is a level at which active caries occurs. The fact 

that such pH values also promote high fluoride release may be beneficial in preventing 

damage due to caries, given fluoride’s well-established role in promoting 

remineralization of teeth.   

The second null hypothesis was rejected, since acid erosion rates among the 

eighteen brands were significantly different. The test was performed with lactic acid, as 

specified in ISO 9917-1 for water-based cements and, using this acid, five commercial 

brands showed acid erosion values above the maximum of 0.17 mm stipulated by ISO 

9917-1 (Figure 3).  This raises concerns about the suitability of these brands for use in 

clinical practice. 

The factor powder/liquid (P/L) ratio interfered drastically in erosion and fluoride 

release of glass ionomer cements results in this study, as reported by other studies [18,27].  

All materials with P/L equal or below 2:1 considered low viscosity (used usually for 

luting cements), BG, IZ, IG, MX and VF, are 5 among 6 of the highest values of acid 

erosion. Also, the same materials presented great amount of fluoride release compared to 

the others. None of those were encapsulated. Accordingly, amount of elution may be 

inversely proportional to the P/L ratio [28]. As the P/L ratio is reduced, the amount of 

water inside the cement matrix is higher [27], since the liquid used is an aqueous solution 

of acid. This type of formulation is associated with mechanically weak cements [27].  This 
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is evidence that the matrix is different from that formed from higher P/L ratio 

formulations, and is more susceptible to acid erosion as well as more permeable to 

diffusing fluoride ions.  The plot shown in figure 4 demonstrates the relationship between 

fluoride release and acid erosion, with higher fluoride release being positively correlated 

with high levels of acid erosion and the controlling factor being the P/L ratio.  

As a result of this finding, the third null hypothesis was also rejected. The 

correlation was demonstrated between the mean of fluoride-release and acid erosion 

methods, submitted to different challenges. In the fluoride-release test, the specimens 

were kept for 6 hours in a demineralizing solution (pH 4.3) and in the acid erosion 

challenge, specimens were immersed in a solution with lower pH (2.74) for 24 hours, 

both in the first 24 hours. Despite the differences between the methods, a positive linear 

correlation was found between values obtained (r²=0.4886). The five GICs in this study 

with the highest acid erosion also had the highest cumulative values for fluoride release 

after the 15 days of test. The materials are BG, MG, IZ, MX and VF.  It may be expected 

that erosion and ions release are related, as obviously greater amounts of dissolution result 

in higher amounts of ion release [10].  

The reason for the association of the characteristics of fluoride release and acid 

erosion is not clear.  Previous studies of the kinetics of fluoride release show that there 

are significant differences in release under acidic and neutral conditions [22], with the 

release being described by different kinetic equations in each case.  Despite this, our 

results clearly show that fluoride release and acid erosion are positively correlated, so it 

follows that there is an association between the two phenomena.  High fluoride release 

must occur because of relatively large amounts of fluoride being transferred from the 

glass into the matrix during the setting reaction.  From the matrix, it can then be eluted 

by a combination of early wash-out and sustained diffusion-controlled release.  The high-
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fluoride matrix itself may be more susceptible to acid attack than a low-fluoride matrix.  

If this were the case, it would explain why these two processes are associated.  Further 

work is needed to determine whether these phenomena are linked in the way suggested. 

 

5. Conclusion 

The fluoride release profile was the same for all commercial brands tested, with a 

high early washout in the first 24 h followed by a lower release rate up to 15 days. 

However, amounts of fluoride released were significatively different. Acidic conditions 

were shown to increase fluoride release in all cases. P/L ratio was found to influence both 

fluoride release and acid erosion in all materials tested. Acid erosion and fluoride release 

have been found to be positively correlated, showing that they are related properties. 

 

1. 7. Tables 

Table 1. Brands and composition of glass ionomer cements tested. 

Brand 

name of 

GICs 

Manufacturer Groups

' names 

Powder Liquid Powder 

/ liquid 

ratio 

Batch 

number 

Bioglass 

R 

Biodinâmica, 

Ibiporã, Brazil 

BG  Calcium, barium and 

aluminum fluoride + 

PAA + inorganic 

fillers 

 PAA+ TA+ 

water 

1.6:1 97515 

ChemFil 

Rock 

Dentsply 

Caulk, Milford, 

USA 

CR Calcium-aluminum-zinc-fluoro-

phosphor-silicate glass + PA+  pigments 

+ TA + water 

capsule 151100072

0 

Equia 

Forte 

GC 

Corporation, 

Tokyo, Japan 

EF Strontium fluoro-alumino-silicate + 

PAA + water 

capsule 1611221 
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Fuji II GC 

Corporation, 

Tokyo, Japan 

FII Fluoroaluminumsilica

te + PAA 

PAA + water 2.7:1 1601121 

Fuji IX GC 

Corporation, 

Tokyo, Japan 

FIX Fluoroaluminumsilica

te + PAA 

 PAA + other 

ingredients 

3.6:1 1506011 

GlasIono

mer Type 

II 

Shofu Inc. 

Kyoto, Japan 

GI  Alumino fluoro 

silicate glass 

 Copolymer of 

acrylicacid and 

tricarboxylic 

acid + TA 

2.5:1 051501 

Ion Z FGM, Joinville, 

Brazil 

IZ Pigment + calcium 

aluminum zinc 

fluoride silicate glass 

+ Micronized glass 

powder  

PCA + TA 1.7:1 130116 

Ionglass Maquira Dental 

Products, 

Maringá, Brazil 

IG PAA + sodium 

fluorosilicate, 

calcium, aluminum 

TA + water 1.5:1 075216 

IonoFil 

Plus 

Voco GmbH, 

Cuxhaven, 

Germany 

IP Strontium aluminium 

fluorosilicate glass 

PAA + tartaric 

acid + water 

4.7-

5.6:1 

1514030 

Ionomast

er  

Wilcos, 

Petrópolis, 

Brazil 

IM Strontium 

Fluoroaluminosilicate 

+ pigments   

PAA + water + 

pigments 

3 :1 15438 

IonoStar 

Molar 

Voco GmbH, 

Cuxhaven, 

Germany 

IS Strontium aluminum fluorosilicate + 

PAA + TA + water 

capsule 1618227 
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Ketac 

Molar 

Easymix 

3M ESPE, 

Seefeld, 

Germany 

KM  Strontium 

Fluorosilicate + 

Aluminum + 

lanthanum + pigments 

PCA + TA + 

water 

4.5:1 628875 

Magic 

Glass 

Vigodent, Rio 

de Janeiro, 

Brazil 

MG Fluoroaluminosilicate 

+ PAA + pigments 

PAA + TA + MA 

+ water 

2.7:1 1503044 

Maxxion 

R 

FGM, Joinville, 

Brazil 

MA Fluoroaluminum 

silicate + Calcium 

fluoride 

PCA + TA + 

water 

1.5:1 240516 

Riva Self 

Cure (SC) 

SDI, Victoria, 

Australia 

RV  Fluorine Silicate 

Aluminum + PAA 

PAA + TA + 

water 

3.03:1 73072V 

Vidrion R SS White, Rio 

de Janeiro, 

Brazil 

VD Sodium fluorosilicate 

calcium and 

aluminum + barium 

sulphate + PAA + 

pigments 

TA + water 5.8:1 0210716 

Vitro 

Fil  

Nova DFL, Rio 

de Janeiro, 

Brazil 

VF Fluorine Strontium 

Aluminum Silicate + 

`PAA + Iron Oxide 

 PAA + TA + 

water 

2:1 16050647 

Vitro 

Molar 

Nova DFL, Rio 

de Janeiro, 

Brazil 

VM  Fluorine Barium 

Aluminum Silicate + 

PAA + Iron Oxide 

 PAA + TA + 

water 

2.9:1 16030405 

 

* TA: tartaric acid/ PAA: polyacrilic acid/ MA: maleic acid/ PCA: polycarboxylic acid 

Table 2. Mean (µg/mm2) and standard deviation (SD) of fluoride release for restorative 

glass ionomer cements. 
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Material 1st 

Mean 

Day 

SD 

7st 

Mean 

Day 

SD 

15st 

Mean 

Day 

SD 

Chemfil 0,28 a 0,023 0,06a 0,008 0,05a 0,011 

Ketac M 0,4 a,b 0,067 0,04a 0,023 0,02a 0,017 

Fuji II 0,49 a,b 0,043 0,05a 0,073 0,02a 0,002 

Riva 0,55 b 0,039 0,049a 0,006 0,03a 0,004 

Vidrion 0,85c 0,085 0,07a,b 0,015 0,04a 0,014 

Fuji IX 0,86c 0,1 0,05a 0,01 0,03a 0,006 

Ionostar 1,07c,d 0,151 0,21c,d,e 0,051 0,1a,b 0,03 

VitroMolar 1,11d,e 0,097 0,18b,c,d 0,038 0,18b 0,027 

Bioglass 1,14d,e,f 0,13 0,44g 0,12 0,71f 0,152 

Ionofil 1,32e,f,g 0,08 0,23e,f 0,036 0,17b 0,024 

Maxxion R 1,36f,g,h 0,12 1,01i 0,1 0,94g 0,1 

Equia 1,38g,h 0,189 0,11a,b,c 0,031 0,05a 0,011 

Ionomaster 1,42g,h 0,217 0,44g 0,021 0,29c 0,035 

Magic 1,55h,i 0,153 0,72h 0,1 0,81f 0,077 

GlassIonomer TII 1,55h,i 0,186 0,23d,e 0,125 0,1a,b 0,058 

Ion Z 1,7i,j 0,148 0,37f,g 0,048 0,57e 0,112 
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Ionglass 1,92j 0,25 0,23d,e 0,033 0,41d 0,044 

VitroFil 2,19l 0,23 0,76h 0,132 0,79f 0,1 

  

* Means followed by different letters indicate statistically significant difference at 5%  

Table 3. Mean and standard deviation of acid erosion for restorative glass ionomer 

cements. 

Material Acid erosion (mm) 

Ionomaster 0.0250 (0.0153) a 

Ketac Molar 0.0350 (0.0101) a,b 

Vidrion R 0.0455 (0.0261) a,b,c 

Ionofil Plus 0.0570 (0.0231) a,b,c 

GC Gold Label 9 0.0580 (0.0148) a,b,c 

Chemfil Rock 0.0665 (0.0205) a,b,c,d 

Glass Ionomer Type II 0.0675 (0.0098) a,b,c,d 

Riva 0.0705 (0.0194) a,b,c,d 

GC Gold Label 2 0.0720 (0.0131) a,b,c,d 

Vitro Molar 0.0870 (0.0196) b,c,d 

Equia Forte 0.1035 (0.0385) c,d,e 

Ionostar 0.1255 (0.0249) d,e,f 

Ionglass 0.1510 (0.0706) e,f,g 
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Maxxion 0.1810 (0.0154) f,g,h 

Vitro Fil 0.1825 (0.0280) f,g,h 

Bioglass 0.2000 (0.0088) g,h 

Ion Z 0.2015 (0.0211) g,h 

Magic Glass 0.2150 (0.0263) h 

 

* Means followed by different letters indicate statistically significant difference at 5%  

 

 

 

 

Figures captions 

Fig 1. Cumulative fluoride release (µg/mm²) of 18 commercial GICs in 15 days. 

 

Fig 2. Acid erosion (mm) of restorative glass ionomer cements. 
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Fig 3. Cumulative fluoride release (µg/mm²) of restorative glass ionomer cements 

considering pH cycling. 

 

Fig 4. Correlation between acid erosion and fluoride release. 
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Fig 5. Medium or high P/L ratio GICs fluoride released (µg/mm²). 

 

Fig 6. Low P/L ratio GICs fluoride released (µg/mm²). 
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Abstract 

The aim of this study was to evaluate the radiopacity of eighteen restorative glass-ionomer 

cements and to associate the results obtained with the Energy-dispersive X-ray 

spectroscopy (EDX) analysis. The glass-ionomers evaluated were Maxxion (MX), 

VitroFil (VF), Magic Glass (MG), Ion Z (IZ), Bioglass (BG), Ionomaster (IM), Ionglass 

(IG), Ionofil Plus (IP), GlassIonomer Type II (GT), VitroMolar (VM), IonoStar (IS), 

Equia Forte (EF), Vidrion R (VR), Gold Label 9 (GL9), Riva (RV), Ketac Molar (KM), 

Gold Label 2 (GL2) and Chemfil Rock (CR). Materials were handled following 

manufacturers’ instructions and six disc specimens made of each material (15x1mm) 

(ISO 9917-1: 2007). After storage for 7 days, the radiopacity was determined for each 

material using a dental x-ray machine. Data were subjected to one-way ANOVA and 

Tukey’s test (α=0.05). Superficial analysis was processed for the 18 materials by the 

software Inca EDX System, Inca Energy, Oxford, United States. The highest significant 
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radiopacity values were registered for GL2, IS, GL9 and CR and the lowest for MX 

(p<0.05). The cements with appropriate radiopacity according to minimum radiopacity 

stipulated by ISO were RV, EF, KM, CR, GL9, IS and GL2. There was significant 

difference in radiopacity among the materials tested, and the strontium and zinc content 

appear to be associated with the higher radiopacity values found. 

Clinical relevance statement 

Strontium and zinc might be related to radiopacity values of conventional glass-ionomer 

cements, and the variable results found emphasizes the importance in the materials choice 

for a long-term success restorative procedure. 

 

 

 

1.                  Introduction  

The radiopacity of dental materials in general practice is a valuable diagnostic tool 

for direct filling, cavity liners, luting agents and adhesive systems [1]. This property is 

essential to evaluate the long-term success of restorations, as it enables the detection and 

assessment of marginal overhangs, open gingival margins, interproximal contour and 

recurrent caries by the contrast difference between tooth, film and material [2,3,4]. 

Although several studies observed that the desired radiopacity levels should depend on 

the purpose of the material, high values of radiopacity was not a reason for concern. 

The lack of information in the literature regarding radiopacity, especially for 

restorative glass-ionomer cements (GICs), represents a certain disregard for the subject, 

despite its undeniable influence on clinical practice. In order to overcome their 

limitations, these cements have gone through many changes in the past related to their 

composition, being considered the future of conservative dentistry [5]. These 
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modifications included the addition of high atomic number radiopaque components and 

reinforcement particles [6], such as strontium (Sr), barium (Ba) and zinc (Zn) [7]. After 

many compositional improvements, recent restorative GICs present with satisfactory 

clinical durability when compared to composite resins in posterior teeth over a 6 year 

evaluation period [8].On the other hand, the addition of components may also affect other 

significant properties, such as opacity and translucency, due to the light-refracting 

properties of the components. An excess of heavy metal oxides may reduce the resistance 

of the glass to chemical degradation, as the large particles of Ba and Sr could disrupt the 

alumino-silicate network [9]. 

As low radiopacity may hinder differentiation between tooth and restoration, a 

minimum is stipulated by ISO standard 9917-1 for adequate clinical applications. 

Previous studies have concluded that values similar to or higher than enamel are desirable 

for adequate performance [3,10]. Although many new brands of restorative conventional 

glass-ionomer cements were recently introduced on the market, there is no information 

on radiopacity of these materials [11]. Furthermore, previous data on radiopacity of glass-

ionomer cements seem to be outdated, with no standardized conditions, or comparisons 

among materials, most of which are not even used in practice today. In addition, a 

modification was made in the relevant part of ISO 9917-1 in 2007, excluding studies 

carried out before this period. 

Thus, the aim of the present study was to evaluate and compare the radiopacity of 

eighteen brands of recently introduced restorative glass-ionomer cements and to analyze 

them based on international accepted standards (ISO), as well as to investigate the 

chemical components and their role in radiopacity, by Energy-dispersive X-ray 

spectroscopy (EDX). This provides information to understand the relationship between 
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radiopacity and composition in conventional glass-ionomer cements, allowing 

enhancements on material selection. 

  

          

2.      Methods & Materials 

The brands and compositions of restorative conventional glass-ionomer cements 

tested are described in Table 1. 

  

2.1 Radiopacity test 

Materials were handled according to manufacturers’ instructions. Six disc-shaped 

specimens (15mm diameter and 1mm thickness) of each material were prepared using 

metal molds with glass plates on both sides. The whole assembly was placed in an 

incubator at 37oC, and after 30 minutes, the specimen was removed from mold. When 

necessary, each specimen was polished using abrasive papers until the specified thickness 

(1mm ± 0.1 mm) was obtained. The specimens were then returned to the incubator, for 

storage in water for 7 days. 

 For the radiopacity test, the specimens were positioned in an image plate the size 

of an occlusal film (Dürr Dental – Badge n. F3600516) alongside with an aluminum 

stepwedge designed according to ISO 9917-1:2007 requirements [12]; the stepwedge 

increases 1 mm in thickness per step and has a thickness range of 0.5 to 13.5 mm. For 

this procedure, the 18 material groups were divided into 2 equal groups of 9 brands each. 

Five images were obtained with specimens from the same groups positioned in the same 

places on the image plate, as seen in Fig. 1. All specimens, the aluminum step wedge and 

the image plate were placed at a 40 cm distance and irradiated for 0.23 s in a dental X-
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ray unit (70 kVp/7 mA; Yoshida Dental, Tokyo, Japan). The X-ray unit was kept in the 

same position throughout the experiment. 

Figure 1 Radiographic images of the 18 material groups 

After irradiation, the image plate was developed in a digital developer (VistaScan, Dürr 

Dental) and the images obtained (JPEG format) were analyzed in the photographic 

densitometer of Image J (National Institutes of Health) measuring mean gray values 

(MGV). Each group had 5 specimens, and each specimen was measured five times in 

order to obtain the right radiopacity values. These values were converted into millimeters 

of aluminum (mmAl), using the following equation proposed by Lachowski et al (2013) 

[13]: 

A - B x sample thickness + mmAl below material’s MGV   

C - B                      

where A is the material’s MGV; B is the MGV of the aluminum stepwedge 

increment immediately below the material’s MGV; and C is the MGV of the aluminum 

stepwedge increment immediately above the material’s MGV. 

  

2.2 Chemical element inspection 

Superficial analysis of the elements Si, Ca, Na, Al, Sr, Ba, Zn and F (according to 

atomic number and composition) was processed by the software Inca EDX System 

(INCAx-act Oxford Instruments, Abingdon, United Kingdom) in association with a 

Scanning Electron Microscope (ZEISS EVO LS15, Oberkochen, Germany). To prevent 

electrical charging of the samples, they were first coated with a 20-nm carbon layer. 

  

2.3Statistical analysis 

Data were statistically analyzed with SPSS for Windows v.19.0 (IBM Statistics, 

Chicago, United States). The normal distribution and homogeneity of variances 
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assumptions were checked for all variables using the Shapiro-Wilk test and the Levene 

test, respectively. As the assumptions were satisfied, data were subjected to one-way 

ANOVA, followed by Tukey’s test (α=0.05), for individual comparisons. 

  

3.      Results 

The results for radiopacity are shown in Table 2 and Figure 2. The highest 

radiopacity values were registered for GL2, IS, GL9, and CR (p>0.05). The lowest value 

was recorded for MX which was different to the other groups (p<0.05). The other groups, 

KM, EF, RV, IP, IM, VM, VD, VF, BG, MG, IZ, IG and GI presented intermediate values 

between them. The radiopacity of glass-ionomer cements should not be lower than 1 

mmAl, in accordance with ISO 9917-1. Considering this reference, the GICs RV, EF, 

KM, CR, GL9, IS, and GL2 achieved the minimum radiopacity value determined by the 

ISO standard and were considered adequate for restorative use. 

Figure 2 Mean values and standard deviation (DV) of radiopacity for the eighteen 

brands of glass-ionomer cements 

The results of the EDX analyses of the materials with higher radiopacity are 

presented in Figure 3. Strontium concentrations were highest for the materials GL2, IS 

and GL9, and are 13.49, 12.23 and 13.35 weight percent respectively. The element zinc 

was found in many brands as MG, MA, GI, VM, EQ, IP, but the higher value was 

observed for CR (11.26%), which also presented a lower amount of strontium (6.26%). 

Likewise, the material IZ was the only one to present a high quantity of barium (10.88%), 

but BG, VM and VD also presented some amount of this element (more than 5%). The 

Figure 3 demonstrates EDX analysis and the correspondent elements. In all cases, data 

are expressed in terms of normalized mass percentage of oxides of the elements with 
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atomic number higher than 10, with special attention to the elements zinc, barium and 

strontium. 

Figure 3 EDX analysis graphics showing major amount of the element Sr for the 

materials GL2 (A), IS (B), GL9 (C) and major amount of Ba for the material Zn (D) 

 

 

4.      Discussion 

X-ray operating voltage influences radiopacity values, once some elements are 

more affected by an increase in kVp due to absorption edge energy, as Ba compared to 

Sr [3,14]. These digital images are recently developed systems with increased sensibility 

and are more practical, avoiding processing chemicals [15]. Also, radiopacity was 

measured according to the standardized specification of ISO 9917-7 for water-based 

cements, with the new requirement from the last modification.  Thus, this methodology 

is quite recent. Some factors which influence radiopacity values already documented are 

exposure settings, X-ray beam angulation, X-ray film speed, film-source distance and 

methodology used for evaluation [16]. A reference calibration curve is used to express 

radiopacity, that is an optical density value, by the equivalent aluminum thickness in 

millimeters [14,17,18].  

In the present study, radiopacity showed variable results among materials. 

Unfortunately, it is difficult to compare with literature data, since many studies evaluate 

radiopacity results among different types of restorative materials [19,1,17].There is no 

recognized ideal value for radiopacity, although many authors discuss it. A tendency to 

strive for the highest achievable radiopacity was seen [20] but the possible “Match effect” 

would be a concern, with enhancement of the contrast between a light and a dark area and 

consequent inadequate diagnosis of marginal areas [3]. Thus, the radiopacity considered 
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acceptable for restorative materials is when it exceeds slightly the enamel radiopacity 

[3,14,17,10,21]. It is known that 1 mm of dentin corresponds to approximately the 

equivalent radiopacity of 1 mm of Al used in the stepwedge [22]; ISO 9917-7:2007 for 

water-based cements considers the same value or higher than the correspondent thickness 

of aluminum stepwedge as being radiopaque. According to Bouschlicher et al 1999, even 

when the radiopacity value complies with ISO standards, it may not be enough to detect 

small defects and the restoration limits [23]. The density of dentin should be the least to 

assure that the material would not be mistaken for carious dentin radiographically [10]. 

Furthermore, glass-ionomer cements are widely used as restorations especially in the 

primary dentition [24] and for temporary restoration, where there is a need for 

radiographic visualization for conservative removal. Also, radiopacity is an essential 

diagnostic tool, as secondary caries is reported to be one of the associated factors for 

replacement of restorations [25,26].  In this study, no material presented radiopacity to 

give rise to the “Match effect” levels. The results show that eleven out of the eighteen 

materials tested are below the ISO requirement, which means that more than half of the 

materials tested did not achieve the minimum radiopacity expected for restorative 

indication. 

Earlier glass-ionomer cements were radiolucent, limiting their use as restorative 

materials. Thus, the need for more radiopaque cements led to the addition of other 

components. Molecular structure influences the material radiodensity, i.e. the relative 

inability of radiation to pass through a particular material [17]. As seen in Table 1, the 

powder composition of conventional glass-ionomer cements is basically aluminosilicate 

glass. Atomic numbers of aluminum, silicon and calcium are 13,14 and 20 respectively, 

and are considered low. Accordingly, incorporation of aluminosilicate glass alone leads 

to radiolucent glass-ionomer cements [10,11, 27]. Studies show that incorporation of 
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elements with high atomic number is associated with high radiopacity [28,29]. 

Presumably, the presence of the elements zinc, strontium and barium (atomic numbers 

30, 38 and 56, respectively) is attributed to radiopacity improvement, barium and 

strontium being the most used today (both in group II on the Periodic Table). This 

inclusion is usually done with fillers as zinc oxide, strontium oxide and barium sulphate 

to the glass particles [7]. In the present study, additions of barium (BG, VD, VM) may 

have no influence on radiodensity, as all Ba-containing cements were radiolucent. In this 

study, the composition given by the relevant manufacturers as well as lack of information 

regarding the amount of each element in the matrix were not enough to understand the 

interaction between the elements and the radiopacity values found.   

This limited information by composition led to the need for surface analysis 

through Energy-dispersive X-ray spectroscopy (EDX). There is only one study in the 

literature reporting results of radiopacity associated with surface analysis, although it was 

carried out with composite resins, instead of glass-ionomer cements [28]. The materials 

GL9, GL2 and IS, according to EDX analysis, presented the highest content of strontium 

(more than 10% weight), and also presented the highest radiopacity values among all 

materials tested. It corroborates other literature findings, which conclude that radiopacity 

increases linearly with the strontium content [7]. CR was the unique material presenting 

a high quantity of zinc in the EDX analysis (more than 10%) and is among the few 

materials with adequate radiopacity values. Thus, the most viable explanation for the high 

value of radiopacity for CR is the high amount of zinc found in the analysis along with 

the content of strontium, superior to the other materials. In contrast to other elements, 

even a high amount of barium of more than 10% weight was not enough to give the 

material satisfactory radiopacity. It may be related to the atomic percentage (less than 

4%), that is different in weight percentage, and is lower compared to the materials with 
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high amount of strontium. The addition of a higher amount of this element could lead to 

higher radiopacity, but it may not be appropriate in view of the other properties. Some 

materials, such as IP, MG and VF, presented some amount of Sr on the surfaces (less than 

10%), but low values of radiopacity. This suggests that just the presence of Sr alone is 

not enough to increase radiopacity; there must be a minimal amount necessary to produce 

satisfactory radiopacity results. The presence of zinc may influence this property, but the 

authors suggest that it is associated to the simulataneous presence of strontium. 

Radiopacity should not be enhanced at the expense of other properties or 

characteristics [28]. Many fillers added to the glass particles produce “opaque” cements 

or have the tendency to increase erosion rate [30]. Incorporation of considerable amounts 

of heavy metal oxides may be undesirable, as the resistance to chemical degradation is 

reduced by the presence of large ions disrupting the network matrix [28]. Hence, glasses 

with high Sr concentration (equivalent to 40 percent SrO) are associated with poor wear 

resistance [28]. Regarding translucency, one study showed a reduction of 7% or more in 

optical opacity for all five Sr containing cements after 24h [7]. More studies need to be 

carried out in order to give a basis for the indication of Sr-containing cements over other 

cements. 

 

5. Conclusion 

It was concluded that there was statistical difference in radiopacity among 

different commercial glass-ionomer cements and 11 brands tested did not present the 

minimum radiopacity required by ISO for restorative indication. Also, the high amount 

of the elements strontium and zinc in the cement matrix may be related to the radiopacity 

values found. 
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Abstract 

Objectives: The aim of the present study was to determine the type of chemical species 

formed inside glass-ionomer cements after fluoride uptake and investigate the depth of 

penetration of fluoride ions inside the cement matrix. 

Methods: An experimental fluoride-free glass with composition 2SiO2AlO3CaO was 

produced. The glass powder was mixed with aqueous poly(acrylic acid) (PAA), and 

allowed to set. The resulting specimens were stored in 20ml KF solution with 1000 ppm 

fluorine for 24h and then placed into the same amount of water. A fluoride selective 

electrode was used to give the F concentration of the respective solutions. 19F MAS-NMR 

data was performed at the magic angle at 22 kHz using a Bruker AVANCE-NEO 600 

spectrometer. In addition, SEM observation and EDX chemical analysis were conducted 

on the specimen’s cross-section.  

Results: The results found showed that fluoride was taken up mostly in the specimen’s 

external surface after placement for 24h in the KF solution, and partially re-released after 

24h in water. AlF complexes are suggested to be formed when fluoride is taken up by the 

cement by the use of 19F NMR spectroscopy. 

Significance: The fluoride uptaken by a free-fluoride glass ionomer cement is mostly 

retained in the specimen surface and it seems that the taken up fluoride was bonded to 

aluminum inside the matrix. The present data provides deeper understanding regarding 

fluoride uptake mechanism in conventional glass ionomer cements. 

 Key-words: NMR Spectroscopy; Fluoride; Glass Ionomer Cements; Scanning Electron 

Microscopy; Energy Dispersive X-Ray Spectroscopy. 
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1. Introduction 

Fluoride is known to have anti-caries properties [1].  As a consequence, there is 

considerable interest in using dental restorative materials in contemporary dentistry that 

are capable of releasing fluoride [2].  There are essentially two types of materials that are 

able to do this, fluoridated composite resins and glass-ionomer dental cements.  The 

fluoridated composites are formulated to contain a fluoride compound, typically 

ytterbium fluoride, though there are other substances used as well.  The glass-ionomers, 

both conventional and resin-modified, include fluoride as an inherent part of the material 

[3]. Fluoride is included in ionomer glasses for a number of reasons.  It reduces the fusion 

temperature of the glass, making the manufacture less energy intensive and reducing 

manufacturing costs [4].  It also strengthens the resulting cement [5], though the 

mechanism of this is not entirely clear. Some of the fluoride in the glass is transported to 

the matrix of the cement during setting, where it has been shown to increase inflexibility 

at the atomic level [6].  This increased rigidity may be important in altering the final 

strength of the cement.   

Fluoride that transfers to the matrix is capable of being released from the cement.  

This release involves two mechanisms [7].  The first is a relatively rapid one that is 

sometimes referred to as “early wash-out”, and takes place within a few days [7].  The 

second one is a slower stage that is based on diffusion, and is capable of being maintained 

for at least five years [8]. As well as releasing fluoride, glass-ionomer can take it up [9-

11].  This uptake occurs as the result of exposure to fluoride-containing solutions, 

typically either aqueous sodium or potassium fluoride at reasonable concentrations.  

Some of the newly absorbed fluoride can be released again into water, leading to 

enhanced levels of release compared with specimens that had not been exposed to fluoride 

solution. However, most of the fluoride taken up, usually over 90%, is not released but 
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becomes firmly embedded in the cement in some sort of insoluble form [12, 13].  Studies 

using dynamic SIMS have shown that most of the fluoride taken up remains in the surface, 

and only small amounts diffuse further into the cement specimens [14].  Other work, using 

X-ray photo-electron spectroscopy, showed that the fluoride taken up became associated 

with calcium, in particular Ca-based cements [15].  This seems likely to be the case for 

strontium-based cements as well as it is known that strontium has very similar chemical 

effects to calcium.  For example, it makes almost no difference to the structure of the 

glass when it is substituted for calcium [16] and it has a similar insolubility [17]. 

Despite these clues about the nature of fluoride that has been taken up, the mode 

of uptake and the reason it becomes bound within the cement are still far from understood.  

We have considered this problem by carrying out an experimental study using solid-state 

Magic Angle Spinning (MAS) 19F NMR spectroscopy to examine fluoride species taken 

up by a fluoride-free glass-ionomer cement.  Such a cement was used to avoid the signals 

from the newly absorbed fluoride being overwhelmed by signals from fluoride already 

present in the cement.  Fluoride-free glass-ionomers have previously been shown to be 

able to take up fluoride from aqueous solutions of simple fluoride salts and later to release 

at least some of this fluoride into water [18].  By using this experimental cement, we have 

been able to gain some insight into the species of fluoride that forms within the cement 

on uptake.  This also gives information on why such a high proportion is usually retained 

on subsequent exposure to water.  

MAS NMR has been used in other studies to determine the nature of fluoride in 

specific solids. These have included alumino-silicate glasses [16, 19] and the so-called 

“glass carbomer” restorative material [20].  It has the advantage of giving detailed 

information on the environments occupied by the element of interest, in this case fluoride, 

in terms of the elements to which it is attached.  This ought to allow information to be 
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obtained about the likely speciation of fluoride following uptake into a glass-ionomer. 

The aim of the present study was to determine the chemical species formed within the 

cement matrix after fluoride uptake mechanism using an experimental fluoride-free glass. 

 

2. Materials and Methods 

2.1 Preparation of glasses 

The glass used in this study was based on the composition 2SiO2AlO3CaO. After 

melting at 1500oC temperature for 1h in a melt quench route and grinding thoroughly by 

a Gyro Mill for 7 min, the resultant powder was sieved twice through a 38 µm sieve, to 

obtain consistently fine and uniform particles in accordance with the requirement of < 

45um for particle size of the final glass powder for a restorative indication [5].  

2.2 Cement preparation 

For preparation of the specimens, the cement was mixed as previously reported as 

a high-powder:liquid composition [21] i.e. 0.6g of glass mixed with 0.2g of poly (acrylic 

acid) and subsequently combined with 0.2g of (+) tartaric acid solution at a concentration 

of 10% m/m. Polytetrafluoroethylene (PTFE) moulds of 15mm diameter x 0.5mm 

thickness were used in order to ensure flat and thin specimens, with a large relative 

surface area to detect the fluoride compounds formed within the cement matrix. Once 

placed inside the mould, the cement was covered by a polyester strip at the top and bottom 

surfaces and pressed by a glass plate on both sides with the help of a screw clamp. They 

were then placed in an incubator at 37°C for 1h and placed into plastic tubes containing 

20 ml of 0.275% KF solution (representing 1000 ppm F and 1850 ppm K) for 24h. Some 

specimens were removed from the KF solution and after rinsing placed into the same 
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amount (20ml) of deionised water for 24h. A fluoride selective-electrode was used in 

order to obtain fluoride concentrations, where TISAB IV solution was added in a 1:1 ratio 

of volumes with the original amount of the storage solution.  The fluoride electrode was 

previously calibrated twice (with and with no TISAB) with five standard solutions before 

the measurements.  

2.3 19F Magic-Angle Spinning Nuclear Magnetic Resonance analysis (MAS NMR) 

For NMR results the samples were ground for 7 min in a Gyro Mill before being 

placed into the KF solution. After drying the glass powder obtained, the 19F MAS-NMR 

data were collected at 564.686 MHz using a Bruker AVANCE-NEO 600 spectrometer. 

The powder was packed into a regular-walled, bottom-closed, 2.5mm zirconia rotor. The 

samples were spun at the magic angle at 22 kHz and recycle times were 30s for all spectra. 

The chemical shift was referenced with a signal from 1M aqueous solution of NaF at -

120ppm.  

 2.4 Scanning electron microscope (SEM) and Energy dispersive X-Ray analysis (EDX) 

After placement in the KF solution for 24h, the thin cement disc was carefully 

crushed in half in order to perform the analysis of the external cross-section by the 

Scanning Electron Microscope (Zeiss Evo LS15, Oberkochen, Germany). The external 

surface was also analysed. Chemical analysis was processed by the software Inca EDX 

System (INCAx-act Oxford Instruments, Abingdon, United Kingdom). To prevent 

electrical charging of the samples, they were first coated with a gold layer for 30s. 

3. Results 

19F-MAS-NMR spectroscopy of the fluoride-free glass powder showed no peak, 

as seen in Figure 1, confirming that there was no fluoride present. Table 1 presents the 
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fluoride concentration determined by the Ion Selective Electrode before and after 24h 

immersion in the KF solution, the resulting difference and finally the amount of fluoride 

re-released after 24h in water. As shown in Figure 2, 19F-MAS-NMR spectroscopy 

exhibited a  peak at -150ppm, that seem to correspond to AlF complexes formed within 

the cement matrix after the fluoride was taken up. The presence of one single peak 

indicates that all bound fluorine atoms are in closely similar chemical environments. 

Spinning side bands are also seen and shown in the spectrum by asterisks. Figure 3 

presents SEM images of the specimen with uniformity of particles. 

The graph of EDX analysis in Figure 4 demonstrates the high amount of fluoride 

retained in the first 10µm of the surface and only a small amount of fluoride deeper into 

the cement. Figure 5 also shows the distribution of F inside the cement matrix compared 

to other elements and confirms a considerable amount in the cement surface, with small 

quantities distributed in other depths. The K ions were also present inside the matrix, i.e., 

suggesting that they were taken up by the cement as well. In contrast to fluoride, the 

distribution of K ions was homogeneous and similar in different parts of the cement. Apart 

from the distribution of F and K ions inside the cement matrix, the weight percentage of 

both elements was very similar throughout the entire cross-section, as seen in Figure 6b. 

Meanwhile, Figure 6a) showed twice the amount of F when compared to K ions, 

considering a higher extension of external surface.  

4. Discussion 

 This study gives new insight into the nature of the species formed when glass-

ionomer cement takes up fluoride. Within a glass-ionomer cement, calcium (or strontium) 

and aluminium ions are potential sites for interacting with fluoride ions.  These ions are 

known to be transferred from the glass during the setting reaction and to be responsible 
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for crosslinking the polyacid chains [22].  Within glasses, fluoride is known to bond to 

aluminium and to form units surrounded by other cations, i.e. Na+ or Ca2+ [23,24].  High 

fluoride ionomer glasses have been shown to have Al-F-Ca units within them, whereas 

low fluoride glasses have F- Ca units [25].  Similar structures might be expected within 

glass-ionomer cements, with precise details depending on the chemical composition of 

the glass [26]. 

Within glass-ionomer cements, calcium and aluminium cations are postulated in 

the literature to form inter-chain crosslinks. They not only form these crosslinks, but also 

coordinate with water molecules and fluoride ions. [22]. The usual structure of F-

containing aluminosilicate glasses is F bonded to one Al and Ca neighbours [23]. The 

content of fluoride was found to have an essential role affecting the aluminium 

environment in the glass structure [24]. Apart from the aluminium role, observations 

suggest that fluorine complexes influence the complete cement reaction [27]. A high 

fluoride-containing glass has already shown additional Al-F-Ca(n) present, while a low 

fluoride content showed F-Ca(n) species [28] where n is close to 3. The type of species 

present is dependent on the chemical composition of the glass [28].  These structures may 

persist in the matrix of the cement derived from such glasses. 

The results found by 19F-NMR analysis in this study suggest the presence 

exclusively of an AlF complex after fluoride uptake from KF solution. The absence of a 

-109 ppm peak means that no significant amounts of calcium fluoride were formed. There 

is a possibility of that a -109ppm peak could  be overlapped by the spinning side bands, 

but it could not represent a significant amount of CaF2. Another possibility is the fluoride 

is present as a potassium fluoride species which has a chemical shift at -140ppm but there 

is no evidence of this either,. Thus, given the presence of a single peak slightly below -

150ppm, it is proposed that fluoride forms complexes with aluminium in the cement 



80 
 

matrix [28]. MAS-NMR is an interesting technique which is capable of showing which 

complexes are present, and also indicating the coordination state of key atoms in the 

species present. It has been used previously to show that, within ionomer glasses, that 

fluorine atoms are bound to aluminium [29].  It has also been used to study cation ordering 

at fluoride sites in glasses and showed that calcium and lanthanum were favoured over 

sodium in these structures [30]. This suggests that fluoride ions have a preference for 

smaller, highly charged ions, which in turn indicates that it may favour interaction with 

Al3+ ions of all the possible species available within a glass-ionomer cement. There is 

evidence that both Al3+ and F- ions can be released from glass-ionomers in association 

with each other [31] during “wash out” at early times, which also supports the suggestion 

that they are associated within the cement.  

Despite the fact that fluoride release can vary considerably from one brand of 

glass ionomer cement to another [32], this does not seem to be related to the overall 

content of fluoride content in the glass [33]. Other results showed that in one particular 

cement less than 1% of the total fluorine content of the glass was released in a total of 28 

days [34]. Also, previous studies have shown that intrinsic fluoride present in F-bearing 

glasses increases the fluoride uptake in comparison with F-free glasses [22]. The nature 

of fluoride incorporation within the glass-ionomer cement may affect the fluoride uptake 

ability [35]. This study found similar behavior with respect to retained fluoride [36,9], 

and showed that only 15% of the fluoride taken up was re-released into deionized water 

after 24h. This result shows that most of the fluoride taken up becomes bonded within the 

cement matrix. Possible explanations for this were suggested, including the interaction 

with phosphate groups present in the glass [36]. However, in the present study, the 

absence of phosphate in the glass composition precludes this explanation. 
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In this study, fluoride was determined with and without TISAB IV present.  

TISAB is used to decompose fluoride complexes, and liberate all of the available fluoride 

as F- ions.  It is only in this form that they can be determined by a fluoride-ion selective 

electrode.  Results showed that, in most cases, decomplexation with TISAB made little 

or no difference to the amount of fluoride detected, which means that the fluoride released 

was almost entirely uncomplexed.  Where differences were observed, the complexation 

can be attributed to interaction of fluoride ions with Al3+ [27]. The approximate weight 

percentage of fluoride inside the cement after uptaken was calculated by the solvent and 

solute quantities, and found as 0.3%. It affirms the sensitivity of the NMR analysis, in 

being able to detect fluorine in relatively small amounts. 

Both fluoride and potassium ions were found to be taken up from the solution, but 

the ions seem to be distributed distinctively differently in the cement depths with fluoride 

being concentrated almost entirely in the surface. This could possibly be explained by an 

ion exchange of F- in solution for OH- in the polysalt cement matrix surface. Figure 4 

from the specimen’s external surface confirms the presence of fluoride ions 

predominantly at the surface, as a thin film layer of this element in the most superficial 

area (about 10 µm) but penetrating in small amounts into the bulk of the material. This 

confirms previous observations [14], and the probable explanation is the formation of 

strong bonds with ions in the surface, together with low rates of diffusion of the resulting 

fluoro species through the cement matrix. The 19F MAS NMR data suggests that F-Al 

species are formed, and whatever their precise nature, they are likely to be bulky and to 

resist diffusion into the deeper parts of the cement.  Previous observations suggest that 

they do not resist such movement completely, as very low levels of fluoride have been 

detected deeper into the cement [14].  However, it is apparent that only a small proportion 

of the fluoride is able to move in this way. 
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5. Conclusion  

This study shows that fluoride was taken up by the fluoride-free experimental glass-

ionomer and re-released after 24h in water. MAS NMR showed that the fluoride species 

formed within the cement after uptake was most probably some sort of Al-F complex. In 

addition, the fluoride retained was shown to be confined mostly to the external surface of 

the specimens, thus confirming previous observations.  
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7. Figures captions 

Figure 1. 19F MAS-NMR spectra of the experimental fluoride-free glass powder to 

confirm absence of contamination. 

Figure 2. 19F MAS-NMR spectra of the experimental fluoride-free glass after uptake of 

fluoride. Spinning side bands are denoted by asterisks. 

Figure 3. Homogeneity and average size of particles of the cement tested in different 

parts of the cement:(a) cross-section in 1k magnitude and (b) cross-section external 

surface in 2k magnitude.  
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Figure 4. Amount of fluoride ions according to depth reached inside the cement matrix, 

showing fluoride mostly at the surface and only a small amount deeper into the cement. 

Note that fluorine peak suddenly increased when measured from cross-section inner to 

out (10 µm scanning area). 

Figure 5. Distribution of each element inside the matrix in the cement cross-section. 

Atomic energy (shinning points) of F, Si, Al, Ca and K are showed at images a, b, c and 

d, respectively. 

Figure 6. Amount of each element by weight percentage in different portions of the 

cement matrix. 

8. Tables 

Table 1. Mean values for the Selective Electrode readings of fluoride in different 

solutions.  

 With TISAB 

(ppm) 

Without TISAB 

(ppm) 

Before 24h (KF) 1033.4 998.0 

After 24h (KF) 866. 2 831.9 

Fluoride taken 

up (difference) 

166.8 166. 1 

After 24h (re-

released in 

water) 

14.9 12.0 
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3 DISCUSSION 

In recent years, a new key concept of ultra-conservative treatment related to dental 

restorations has emerged. Removal of diseased tooth structure and replacement by a 

material –the usual operative – is obsolete because dental caries is a dynamic process, 

with many factors involved. Thus, focus on prevention and pursue for oral health is the 

present and future of dentistry [24]. Clinically, the restorative material is expected to resist 

the challenging oral cavity conditions, but it is well-known that no available dental 

material is considered ideal for tooth replacement [9]. The literature shed light on GICs 

due to the following properties not found in any other restorative: chemical adhesion to 

tooth, fluoride release, and biocompatibility [6]. Particularly, GICs fulfil the “gaps” and 

limitations of other restorative materials. Many attempts to improve and develop GICs 

have been made by adding components to obtain new formulations that increase the 

degree of the crosslinking and polysalt bridge formation [9]. For several years, the 

mechanical and aesthetic limitations of GICs have restricted their indications to areas of 

low occlusal stress and little or no visibility [25]. Nowadays many studies have shown 

great outcomes with improvement on previous limitations. An acceptable clinical 

performance in class I and II restorations over a six-year period has been demonstrated 

for a conventional GIC [26]. When compared to composite resin, GICs showed similar 

longevity and clinical success for a six-year period [27,28]. Some authors emphasize the 

need for translucency and natural colour, even after long-term evaluations [26,27,29]. A 

recent systematic review demonstrated the clinical behaviour of GICs and resin–modified 

GIC (RMGIC) compared to composite resin [30]. GIC showed better results in relation 

to the formation of secondary carious lesions [30]. Two main components of GICs are 

glass powder (calcium fluoro-alumino-silicate) and aqueous solution (polyacrylic acid). 

Modifications in both have been done resulting in different compositions and properties 



92 
 

for the commercial materials available for various applications [31]. Also, only limited 

information was published and the vast body of literature deals with properties of 

commercial products with unknown composition and microstructure [32]. Some 

important aspects considered for glass ionomer cements are powder particle size, polyacid 

content, molecular weight, distribution, and concentration, responsible for directly 

affecting the material final properties. 

Recent materials may contain strontium as a substitute for calcium [31]. The addition of 

strontium or other components as lanthanum, barium, and zinc is done to obtain 

radiopacity [9], but it should not harm the physical properties of the modified glass 

ionomer cement. Some studies showed the inability of metallic oxides and metallic salt 

compositions to deliver strong chemical bonds within the glass ionomer structure, which 

would lead to less cross-linking and polysalt bridge formations, depending on their 

amount [33]. Nevertheless, the number of radiopaque elements remains an important 

factor. The considered ideal radiopacity for glass ionomer materials is that slightly 

exceeding the enamel radiopacity [34,35,36]; and it is well known that dental materials 

tend to fall short from that. The present study demonstrated that eleven out of eighteen 

restorative glass ionomer cements did not achieve the minimum radiopacity values 

expected, according to the International Standard Organization (ISO). The materials 

below the minimum recommended were IP, IM, VM, VR, VF, BG, MG, IZ, IG, GI, and 

MX. This is critically worrisome since the materials are available in market today and 

radiopacity strongly affects the diagnosis of secondary caries, the main reason of failure 

for restorative treatments. Energy-dispersive X-ray spectroscopy surface analysis was 

performed to support deeper knowledge on the results found. This analysis is reliable and 

precise to quantify the major constituents present inside the material [37], essential to lead 

the understanding of its physical, biological, chemical, and mechanical properties. The 
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materials with higher values of radiopacity were also the same with the highest amount 

of strontium (more than 10% weight), which corroborates that radiopacity linearly 

increases with the strontium content [16]. Other materials with less amount of strontium 

did not show good radiopacity values, suggesting that the presence of strontium itself is 

not enough to assure good radiopacity values. In other words, a minimum amount is 

required. Also, barium, even with more than 10% weight, was not able to provide 

satisfactory radiopacity. It can be related to the atomic percentage that was low, unlikely 

to the weight percentage. Despite the acceptable conclusions on cytotoxicity of barium 

and strontium, leading to necrosis only in very high concentrations, high Sr concentration 

addition led to poor wear resistance and optical properties [16,38]. Thus, the addition of 

Sr among other components is suggested to positively influence restorative GIC 

radiopacity, but more studies should be performed about other properties. 

Besides the components already cited, fluoride is the most popular and studied component 

from glass ionomer cements. Several previous studies have shown the caries-protective 

effect resultant from GIC long-term fluoride release [3,39]. The desired dental material 

would be that with the ability to release constant small fluoride amounts to maintain its 

efficacy [37]. The oral environment is challenging for restorative materials, where it is 

expected a durability of many years subjected to many masticatory forces and chemical 

changes [9]. In this study, two factors showed to mainly affect the fluoride release 

process: pH of the solution and P/L ratio. Lower pH solutions, correspondent to the 

demineralization phase inside the mouth, demonstrated a greater amount of fluoride 

released as concluded by other studies [40]; at the same time, the tested materials with 

low viscosity provided by a lower P/L ratio of 2:1 or less also demonstrated higher 

amounts of fluoride eluted from the matrix when compared with others. All 18 restorative 

glass-ionomer cements exhibited the amount predicted by other studies: pattern of greater 
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amount of fluoride released at the first 24h, named “initial burst” and a continuous smaller 

amount released after that, at a 15-day interval. The P/L ratio was again considered as an 

important factor to explain that despite the pattern seen, the medium or higher P/L ratio 

materials presented an abrupt drop, while the lower materials exhibited a less sharp drop 

easily observed in the graphics present in the respective papers. Lower P/L ratio glass-

ionomers have a higher amount of water inside the cement matrix since the liquid used is 

an aqueous solution of acid [41]. The amount of fluoride eluted varied widely among the 

materials tested. High amounts of fluoride ions in the cement composition are not always 

the assurance of high amount released, as they depend on the possibility of diffusion and 

can remain trapped inside the specimen – which can vary due to material composition 

and the reaction extension [8]. Acid erosion tests were also performed in a period of 24h 

with lactic acid, according to ISO 9917-1, and showed that 13 out of 18 materials showed 

values below the minimum claimed by ISO. A positive correlation was found for both 

properties, as higher dissolution may lead to effortless movement of the ions. Five 

materials, (Bioglass, Magic Glass, Ion Z, Maxxion R, and Vitrofil) exhibited the highest 

acid erosion values and the highest cumulative fluoride releasing. 

The process of fluoride leaching from the glass has been studied for a long time, but many 

questions regarding other aspects remain unanswered. As far as we are concerned, this is 

the first study to address the type of compounds formed inside the matrix when the 

fluoride is absorbed. According to Wilson and McLean [10], the fluoride content can be 

more than 23%, but recent glasses contain more sodium and less fluoride [31]. Even with 

a large content of fluoride in the glass structure, less than 1% of that might be released in 

a total of 28 days [42]. Glass ionomer cements are also capable of fluoride uptake, which 

may be affected by the nature of fluoride incorporation within the glass composition [43]. 

MAS-NMR is a very sensible technique capable to detect fluorine in quite small amounts. 
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It was the method chose to provide the information on the type of compounds formed 

inside the cement matrix by the peak at -150ppm, that suggests aluminium complexes. 

The possible explanation is that fluoride has preference for small and highly charged ions, 

that is Al, in comparison to other possible species available. Also, results from EDX and 

SEM displayed the ions uptake predominantly on the specimen’s external surface, 

forming a thin film layer around 10 um depth penetration and very small quantity inside 

the remaining cement structure. Probably, the bonds formed in the surface were strong, 

not allowing greater diffusion through the cement. The fluoride released from the same 

experimental cement was almost totally not combined. Only 15% of the fluoride retained 

in the matrix was re-released after 24h in deionised water, confirming once more that the 

ions were strongly bonded to the glass ionomer matrix. These data contribute to missing 

knowledge on how the processes of fluoride release and uptake in glass ionomer cements 

operate and might guide to the improvement on the formulations used today. 

The improvement in glass-ionomer compositions led to a doubt about which constitutes 

a “true” glass-ionomer cement material [25]. Unfortunately, the current reality in the daily 

life of many private clinics and public dental services, especially in developing countries, 

is the choice of materials in relation to their cost and indication provided by the 

manufacturer, not always consistent with their real properties [44]. There is a need to 

reduce the gap between clinicians and research to achieve an indication on the use of 

GICs based on reliable and validated results. Further standardized studies should be 

performed to give long-term restorative outcomes and to deepen the understanding of the 

processes involved in the matrix formation. 
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4 CONCLUSIONS 

Fluoride release pattern was the same for all eighteen tested brands, with an initial burst 

in the first 24h and lower release in the following 15 days. Although, the amount of 

fluoride ions released differed significatively. A positive correlation was found for 

fluoride release and acid erosion. Five materials showed superior values to the maximum 

stipulated by ISO for acid erosion and eleven brands did not achieve the minimum 

established by ISO for radiopacity. Two elements, strontium and zinc, might be 

associated with higher values of radiopacity. Fluoride was taken up and released from a 

free fluoride experimental glass. The suggested species formed inside the cement matrix 

when fluoride is uptaken are AlF complexes, the majority allocated in the external 

surface.  
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