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A B S T R A C T   

Objective: To develop a novel glass ionomer cement (NGIC) with enhanced mechanical and chemical properties 
and assess its biocompatibility, mechanical strength, and ion release. 
Methods: Nanosilver doped bioactive glass (NanoAg BAG) was synthesized by sol-gel method and characterized 
by scanning electron microscopy with energy-dispersive X-ray spectroscopy and transmission electron micro
scopy. The NanoAg BAG, together with poly(vinylphosphonic acid) (PVPA), alumino-fluorosilicate glass and 
poly-acrylic acid were used to synthesize NGIC. The optimal PVPA concentration for NGIC was determined by 
PVPA modified GIC’s biocompatibility and mechanical properties and used to prepare NGIC specimens. NGIC 
specimens with NanoAg BAG at 0%, 1%, 2%, and 5% were allocated into Groups NGIC0, NGIC1, NGIC2, and 
NGIC5, respectively. The biocompatibility, surface morphology, elemental composition, surface topography, 
chemical properties, compressive strength, diametral tensile strength, and ion release of the NGIC were assessed. 
A conventional glass ionomer cement (GIC) was used as a control. 
Results: A granular BAG with nano silver particles attached on its surface were found, indicating the successful 
synthesis of NanoAg BAG. PVPA at 10% presented the best effect in enhancing the biocompatibility and me
chanical properties of PVPA modified GIC and was used to prepare NGIC specimens. NGIC1 showed similar 
biocompatibility, surface morphology and topography to GIC. Chemical properties results showed that NGICs 
showed the same adsorption peaks to GIC. The compressive strength (mean±SD in MPa) was 168.1 ± 29.7, 205.5 
± 29.5, 221.8 ± 46.8, 216.6 ± 59.3 and 167.7 ± 36.4, and the diametral tensile strength (mean±SD in MPa) was 
14.1 ± 1.7, 18.3 ± 4.9, 21.2 ± 2.2, 17.2 ± 3.8 and 13.3 ± 3.3 for GIC, NGIC0, NGIC1, NGIC2 and NGIC5 
respectively. NIGC0, NGIC1 and NGIC2 showed higher compressive and diametral tensile strength than GIC (p <
0.01). NGIC2 and NGIC5 showed higher release of fluoride, calcium, phosphate and silver ion than GIC and 
NGIC0 (p < 0.05). 
Conclusion: A biocompatible NGIC with enhanced mechanical properties were developed. It presented enhanced 
fluoride, calcium, phosphate and silver ion release compared to conventional GIC.   

1. Introduction 

Glass-ionomer cements (GIC), or glass polyalkenoate cements, are 
dental materials commonly used as luting cements, dental sealants and 
restorative materials [1]. GIC offers several advantages including 
chemical adhesion to tooth tissue, a similar thermal coefficient to dental 
hard tissue and sustainable fluoride release [2]. These benefits result in 
GIC’s simple operative procedures, low shrinkage rate after setting, and 
inhibition to secondary caries. Due to its favorable caries-preventive 
properties, World Health Organization (WHO) included GIC in the 
WHO Model List of Essential Medicine in 2021 [3]. 

Untreated dental caries, a widespread chronic oral disease, affects 
2.5 billion adults and 573 million children [4]. The philosophy for caries 
management have been evolving towards minimal intervention 
dentistry (MID), emphasizing remineralization of dental hard tissue, 
optimal preventive measures and minimally invasive operative treat
ment [5]. Managing dental caries with GIC is a promising stategy 
embrasing the MID philosophy. It releases fluoride, which prevents 
deminealisation, promotes remineralisation and inhibits the bacteria 
growth of the carious teeth. GIC can be employed for caries prevention 
and presents better caries preventive effect than other dental materials. 
It is also suitable to be applied in cavities prepared with selective caries 
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removal strategies and promotes remineralisation of affected dentine in 
minimally invasive operative treatment [6,7]. 

However, GIC demonstrates low fracture toughness and flexural 
strength, which can lead to microleakage or fractures when it is used for 
restorations [8]. Consequently, GIC is not suitable for stress-bearing 
areas and has a generally shorter clinical longevity compared to other 
types of restoration [9]. To enhance the performance of GIC, substantial 
efforts have been dedicated to formulating improved version. Never
theless, apart from the development of resin-modified formulations of 
GIC, the reports on the development of new formulated GIC were min
imal [10]. Although resin-modified GIC demonstrated improved me
chanical strength compared to conventional GIC, its polymerization 
shrinkage and moisture sensitivity increased [11]. Another concern was 
the diminished fluoride release activity of resin-modified GIC due to the 
introduction of the resin system, which reduced its caries preventive 
effects [12]. Previous clinical studies have revealed a high failure rate 
and a short lifespan of GIC restorations, which was mainly due to the 
fracture of GIC restorations or recurrent caries around restorations. The 
reasons for the clinical failure of GIC suggests that the mechanical 
strength, antimicrobial effect and remineralising effect of conventional 
GIC are unsatisfactory and should be improved [8,9]. 

Poly (vinylphosphonic acid) (PVPA) has potential in enhancing the 
mechanical strength of GIC [13]. Conventional GIC consists of fluo
roaluminosilicate glass powder and polyacrylic acid solution [14]. PVPA 
is the phosphorus analogue to polyacrylic acid. It is a macromolecule 
with a high density of phosphonic acid units on its polymer backbone 
[15,16]. PVPA is more reactive than polyacrylic acid [17]. It forms more 
and stronger binding with the metal ions such as calcium and aluminum 
in the fluoroaluminosilicate glass, which might enhance the mechanical 
strength of the material [18]. PVPA is water-soluble. Khouw-Liu re
ported that the PVPA-based cement had a good resistance to water. An 
early exposure to water did not affect its mechanical strength [19]. 
Therefore, the addition of PVPA might improve the mechanical prop
erties of GICs. 

Bioactive glass (BAG) is a type of biomaterial that possesses limited 
antibacterial and remineralizing properties [20]. 45S5 Bioglass is a 
bioactive glass specifically composed of 45 wt% SiO2, 24.5 wt% CaO, 
24.5 wt% Na2O, and 6.0 wt% P2O5 [21]. The United States Food and 
Drug Administration (FDA) has approved 45S5 Bioglass for clinical ap
plications [22]. 45S5 Bioglass has excellent biocompatibility, and has 
been widely used as a clinical bone filling material due to its regenerate 
bone ability [23]. In dentistry, 45S5 bioglass is used in dental air pol
ishing or caries removal procedures to improve the remineralization of 
tooth hard tissue [24]. BAG has been shown to exhibit antimicrobial 
properties, although not at a particularly high level [25]. Silver nano
particles are broad-spectrum antimicrobial agents that can be added to 
BAG to enhance its antimicrobial effect [26,27]. Silver nanoparticles 
incorporated BAG (NanoAg BAG) can release silver to inhibit the growth 
of oral bacteria and calcium and phosphate ions to promote remineral
isation [28]. The addition of NanoAg BAG to GIC might potentially 
improve GIC’s antimicrobial and remineralising effects by improving 
GIC’s chemical properties, such as silver, calcium and phosphate ion 
release. Therefore, we aimed to develop a novel glass ionomer cement 
(NGIC) with enhanced mechanical and chemical properties and assess 
its biocompatibility, mechanical strength, and release of fluoride, cal
cium, phosphate and silver ions. 

2. Materials and methods 

2.1. Synthesis of 45S5 bioactive glass loaded with silver nanoparticles 
(NanoAg BAG) 

The synthesis of NanoAg BAG (3 mol% Ag, 43.1 mol% SiO2, 24.4 mol 
% Na2O, 26.9 mol% CaO, 2.6 mol% P2O5) by sol-gel method was 
modified from a previous study [29]. A 7.31 g of tetraethyl orthosilicate 
(TEOS) was added to 1 M nitric acid with a molar ratio of H2O: TEOS =

18: 1. The mixture was stirred for 2 h until a clear sol was formed. Next, 
0.77 g of triethyl phosphate and 5.17 g of calcium nitrate were added, 
followed by 3.38 of sodium nitrate and finally, a 0.42 g of silver nitrate. 
The mixture was stirred until all chemicals dissolved and then heated to 
60ºC for 24 h. The gel formed was dried overnight at 80 ◦C. The dried gel 
was calcined at 700 ◦C for 3 h. The collected solid was ground to obtain a 
fine powder. 

2.2. Characterization of NanoAg BAG 

We used Scanning electron microscopy (SEM, Hitachi S-4800 FEG 
Scanning Electron Microscope; Hitachi, Tokyo, Japan) to examine the 
morphology of the NanoAg BAG powder. Energy-dispersive X-ray 
spectroscopy (EDS) under the SEM was used to analyze the elemental 
composition of the NanoAg BAG powder. Prior to analysis, the NanoAg 
BAG powder was sputter-coated with 80% Pt and 20% Pd. Transmission 
electron microscopy (TEM, FEI Tecnai G2 20 Scanning Transmission 
electron microscopy, FEI, Oregon, USA) with energy dispersive X-ray 
element mapping were employed to characterize the morphological and 
compositional properties of the powder. 

2.3. Optimal PVPA concentration for NGIC synthesis 

We used a commercially available poly(vinylphosphonic acid) 
(PVPA, Polysciences, Inc, USA) to synthesize PVPA modified GIC (PVPA- 
GIC). The optimal PVPA concentration for NGIC was determined by 
assessing the mechanical properties of PVPA-GIC with different ratios of 
PVPA incorporated and subsequently used for the preparation of NGIC 
specimens. PVPA-GIC specimens with PVPA solid at 1%, 5%, 10% and 
20% weight percentage were prepared and allocated into Groups 1% 
PVPA, 5% PVPA, 10% PVPA and 20% PVPA, respectively. Conventional 
GIC (GC Corporation, Tokyo, Japan) was used as a control. The 
composition of the experimental materials was shown in Table 1. 

The PVPA-GIC and GIC specimens were prepared by manually mix
ing liquid with alumino-fluorosilicate glass powder in a 3.6:1 (w/w) 
ratio. The biocompatibility, compressive strength and diametral tensile 
strength of the specimens were assessed. 

2.3.1. Biocompatibility of NGIC 
We evaluated the biocompatibility of the NGICs specimens with cell 

cytotoxicity tests on human gingival fibroblast cells (HGFs) following 
the ISO 7405:2018 standard. Circular specimens with a diameter of 5 
mm and a height of 2 mm were prepared using a Teflon mold. HGFs (3 
×103) were inoculated (or seeded) onto the surface of the specimens in a 
96-well plate. In control group, the well containing culture medium with 
HGFs (3 ×103). In blank group, the well containing culture medium 
without HGFs. The proliferative potential of HGFs was determined by 
the Cell Counting Kit-8 (CCK-8, Apexbio, MA, USA) assay. After 1, 3, 5, 
and 7 days of coculture, HGFs were treated with CCK-8 agents at 37 ◦C 
for 2 h, and the optical density (OD) at 450 nm was measured using a 
microplate reader. Six specimens from each group at each timepoint 
were evaluated. The total number of specimens were 24 for each group. 
The experiment was repeated for 3 times. 

Table 1 
Composition (wt%) of the experimental glass ionomer cements (GICs) with poly 
(vinylphosphonic acid)(PVPA).  

Group Experimental GIC Silicate glass Poly-acrylic acid / PVPA 

GIC GIC (conventional) 100 100 
1% PVPA GIC with 1% PVPA 100 99 /1 
5% PVPA GIC with 5% PVPA 100 95 / 5 
10% PVPA GIC with 10% PVPA 100 90 / 10 
20% PVPA GIC with 20% PVPA 100 80 / 20  
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2.4. Testing of mechanical properties 

We evaluated the compressive strength and diametral tensile 
strength of the experimental glass ionomers according to ISO standards 
(ISO 9917–1:2007). The cylindrical specimens were prepared using 
Teflon molds with a height of 6 mm and a diameter of 4 mm (n = 6 per 
group). For assessment of compressive strength, the specimens were 
stored in water at 37 ◦C for 24 h. The compressive strength was deter
mined using a universal testing device (Electropuls E3000 Universal 
Testing System, Instron, MA, USA) with a 3 kN load cell at a crosshead 
speed of 0.5 mm/min. A load was applied until fracture occurs. For 
assessment of diametral tensile strength, the specimens (n = 6 per 
group) were mounted in the universal testing device with cross-head 
speed of 0.5 mm/min. The diametral tensile strength (MPa) was calcu
lated using the following formula: (2 ×p)/(π × d×t), where p is the 
ultimate tensile strength (N), d is the diameter and t is the height. 

2.5. Preparation of novel glass ionomer cement (NGIC) 

We used the synthesized silver doped bioactive glass (NanoAg BAG) 
powder to prepare NGIC. NGIC specimens with NanoAg BAG at 0%, 1%, 
2% and 5% weight percentage were prepared and allocated into four 
groups: Conventional GIC served as the control. The composition of each 
group is shown in Table 2. 

The specimens were prepared by manually mixing liquid with sili
cate glass-powder (alumino-fluorosilicate glass) in a 3.6:1 (w/w) ratio. 
The biocompatibility, chemical properties, surface properties, mechan
ical strength and ion release of the NGIC specimens were assessed. 

2.6. Biocompatibility 

Circular specimens with a diameter of 5 mm and a height of 2 mm 
were prepared using Teflon mold. The biocompatibility of the NGICs 
specimens was evaluated through cell cytotoxicity tests on human 
gingival fibroblast cells (HGFs). The cytotoxicity of NGICs against HGFs 
was evaluated according to the method described in Section 2.3.1. 

2.7. Surface morphology, elemental composition, and roughness 

Circular specimens with a diameter of 5 mm and a height of 2 mm 
were prepared using Teflon mold. The surfaces morphology of NGICs 
were assessed using a SEM (Hitachi S-4800 FEG Scanning Electron Mi
croscope; Hitachi, Tokyo, Japan). The elemental composition of NGICs 
was analyzed using EDS under the SEM. Atomic-force microscopy (AFM, 
Bruker Corporation, Karlsruhe, Germany) was used to evaluate NGICs’ 
surface roughness. The images of NGICs’ surface topography were ob
tained from 20 × 20 µm2 samples at the scan speed of approximately 1 
Hz in the contactless tapping mode. The mean surface roughness values 
(Ra) were determined for each specimen. Six specimens from each group 
were evaluate. The total number of specimens were 30 for each test. 

2.8. Chemical properties of NGICs 

Circular specimens with a diameter of 5 mm and a height of 2 mm 
were prepared using Teflon mould (n = 6 per group). After setting for 24 
h, the chemical structural of the specimens after the setting reaction 
were determined by Fourier transform infrared spectroscopy (FTIR, 
UMA 500, Bio-Rad Laboratories, Hercules, CA, USA). FTIR spectra of 
GIC, NGIC0, NGIC1, NGIC2 and NGIC5 were recorded on a FTIR in the 
transmission mode with an attenuated total reflection module. All 
spectra were recorded at a wavelength range from 4000 to 400 cm− 1, 
with the resolution of 4 cm− 1 and 10 scans. 

2.9. Mechanical properties of NGIC 

Cylindrical specimens of 6 mm in high and 4 mm in diameter were 
prepared using a Teflon mold. The specimens (n = 6 per group) were 
stored in water at 37 ◦C for 24 h. Compressive strength and diametral 
tensile strength were evaluated according to the method described in 
Section 2.3. 

2.10. Ion release measurement 

The release of fluoride, calcium, phosphate and silver ions of NGIC 
was evaluated. To investigate the fluoride ion release ability of NGICs, 
circular specimens with a diameter of 5 mm and a height of 2 mm were 
prepared using a Teflon mold. The specimens (n = 6 per group) were 
then immersed in 1 mL of deionized water for 4 weeks. Fluoride con
centration in storage solution was measured at different intervals using a 
fluoride ion-selective electrode (Orion 9609BNWP, Thermo Scientific, 
Newport, UK) connected to an ion analyser (2700 OAKTON, Eutech 
Instruments, Singapore). To investigate calcium, phosphate and silver 
ion release ability of NGICs, the specimens were immersed in 4 mL 
deionized water for 4 weeks. At defined times, the immersion liquid was 
exchanged completely. Calcium, phosphate and silver released into the 
water were measured using an inductively coupled plasma-optical 
emission spectrometry (ICP-OES, Spectro Arcos, Kleve, Germany). 

2.11. Statistical analysis 

We analyzed the data using SPSS Statistics 20 (IBM Corporation, 
Somers, NY, USA). All data were tested for normal distribution using the 
Shapiro-Wilk test for normality. The data were analyzed by One-way 
Analysis of Variance. The significance level was set at 95%. 

3. Results 

3.1. Characterization of NanoAg BAG 

Fig. 1 shows the NanoAg BAG granular particles in various magni
fications. The EDS spectrum demonstrated that the NanoAg BAG con
tained a silver peak. Bright-field transmission electron microscopy 
images of NanoAg BAG displayed the presence of silver-like particles on 
the surface of BAG (Fig. 2). Elemental mapping showed the distribution 
of O, Na, Si, P, Ag and Ca elements (Fig. 2). These findings confirm the 
successful synthesis of NanoAg BAG. 

3.2. Optimal PVPA concentration for NGIC synthesis 

3.2.1. Biocompatibility of GIC with PVPA 
Fig. 3 shows the OD values of the CCK-8 essay with different GIC 

specimens. GIC with up to 20% PVPA exhibited no difference in 
biocompatibility with conventional GIC (p > 0.05). The addition of 
PVPA in GIC demonstrated no difference with conventional GIC in 
biocompatibility tests. 

Table 2 
Composition (wt%) of glass ionomer cements (GICs) with Ag45S5 bioactive glass 
(NanoAg BAG) and poly(vinylphosphonic acid)(PVPA).  

Group Experimental GICs Silicate glass / 
NanoAg BAG 

Poly-acrylic acid 
/ PVPA 

GIC GIC (conventional) 100 100 
NGIC0 GIC with 10% PVPA 100 90 / 10 
NGIC1 10% PVPA + GIC with 1% 

NanoAg BAG 
99 / 1 90 / 10 

NGIC2 10% PVPA + GIC with 2% 
NanoAg BAG 

98 / 2 90 / 10 

NGIC5 10% PVPA + GIC with 5% 
NanoAg BAG 

95 / 5 90 / 10  

O.Y. Yu et al.                                                                                                                                                                                                                                    



Dental Materials xxx (xxxx) xxx

e4

3.2.2. Compressive strength of GIC with PVPA 
The mean compressive strength and SD of GIC, 1% PVPA, 5% PVPA, 

10% PVPA and 20% PVPA was 160.68 ± 40.37 MPa, 177.34 
± 29.20 MPa, 201.53 ± 39.57 MPa, 216.76 ± 10.03 MPa and 19.06 
± 5.92 MPa, respectively. The 10% PVPA group exhibited significantly 
higher compressive strength than GIC (Fig. 4A, *p < 0.05), while 20% 
PVPA group showed significantly lower compressive strength than GIC 
(Fig. 4A, ***p < 0.001). 

3.2.3. Diametral tensile strength of GIC with PVPA 
The mean diametral tensile strength (DTS) and SD of GIC, 1% PVPA, 

5% PVPA, 10% PVPA and 20% PVPA was 14.14 ± 1.67 MPa, 15.76 
± 1.78 MPa, 16.74 ± 3.32 MPa, 21.46 ± 4.83 MPa and 3.41 
± 1.22 MPa, respectively. Fig. 4B shows DTS of 10% PVPA specimens 
was higher than conventional GIC specimens (p < 0.05), whereas DTS 
of 20% PVPA specimens is lower DTS than conventional GIC specimens 
(p < 0.001). 

3.2.4. Optimal PVPA concentration for NGIC 
The 10% PVPA group displayed the highest mechanical strength 

among all groups. Consequently, 10% PVPA was the optimal concen
tration and was used for the preparation of NGIC. 

3.3. Biocompatibility of NGICs 

Fig. 5 the OD values of the CCK-8 essay with various NGIC and GIC 
specimens. NGIC1 exhibit no significant difference in biocompatibility 
to GIC after 1, 3, 5 and 7 days (p > 0.05). On the day 3, 5 and 7, NGIC2 
and NGIC5 showed lower viability of human gingival fibroblasts 
compared to GIC (p < 0.05). 

3.4. Elemental composition, surface morphology and roughness of NGICs 

3.4.1. Surface morphology 
Fig. 6 (left) shows typical surface morphology of the NGIC and GIC 

specimens under SEM. The surface morphology of NGICs and GIC had no 

observable difference. The specimen fractured-surface revealed that all 
specimens possessed an irregular glass-ceramic structure with uneven 
particle distribution. 

3.4.2. Elemental composition 
Fig. 6 (right) shows typical spectrum of energy dispersive X-ray 

(EDS) analysis for the NGIC and GIC specimens. The peaks (from, left to 
right) found in the spectrum of NGIC1, NGIC2 and NGIC5 were carbon 
(C), oxygen (O), fluorine (F), sodium (Na), aluminum (Al), silicon (Si), 
phosphorus (P), silver (Ag) and calcium (Ca). The silver atomic per
centage in NGIC1, NGIC2 and NGIC5 groups were 0.20%, 0.38% and 
0.55%. Spectrum of GIC and NGIC0 specimens have no silver peak. 

3.4.3. Surface roughness 
Fig. 7 shows the surface topography of the NGIC and GIC specimens. 

No observable difference in surface topography was found the speci
mens in the five groups. The mean and SD of surface roughness values 
(Ra) of GIC, NGIC0, NGIC1, NGIC2 and NGIC5 were 82.5 ± 12.3, 79.3 
± 9.0 nm, 79.2 ± 17.4 nm, 75.8 ± 19.8 nm and 94.6 ± 11.7 nm, 
respectively. NGIC5 specimens presented a rougher surface than the 
specimens in the other four groups (p < 0.05). 

3.5. Chemical properties of NGICs 

Fig. 8 showed the typical FTIR spectra for the NGIC and GIC speci
mens. In NGIC1, NGIC2 and NGIC5 groups, the adsorption peaks at 
940 cm− 1 and 1030 cm− 1 are associated with the Si-OH and Si-O-Si 
stretching vibrations from the fluoroaluminosilcate glass powder 
component and 45 S silver bioactive glass, and the P = O stretching 
from PVPA after setting. In NGIC0 group, the adsorption peaks at 
940 cm− 1 and 1030 cm− 1 are associated with the Si-OH and Si-O-Si 
stretching vibrations from the fluoroaluminosilcate glass powder 
component and the P = O stretching from PVPA after setting. 

In NGIC0, NGIC1, NGIC2 and NGIC5 groups, the adsorption peak at 
1403 cm− 1 and 1458 cm− 1 are associated with the C––O symmetric and 
asymmetric vibrations from the polyacrylic acid liquid component after 

Fig. 1. Scanning electron micrographs and energy-dispersive X-ray spectrum of Ag45S5 bioactive glass (NanoAg BAG). A) 2000 × magnification view of NanoAg 
BAG showing granular particles. B) 6000 × magnification view of NanoAg BAG. C) 10,000 × magnification view of NanoAg BAG. D) EDS spectrum of NanoAg BAG. 
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setting. The adsorption peak at 1550 cm− 1 is associated with the ionized 
COO- stretching vibration after setting. This is due to the formation of 
salts of polyacrylic acid (PAA) with Ca2+ and Al3+ from fluo
roaluminosilcate glass powder (PAA-___Ca2+ and PAA-___Al3+) after 
setting. The adsorption peak at 1700 cm− 1 is associated with the C––O 
carbonyl stretching vibration (COOH) from polyacrylic acid that 

unionized after setting. The adsorption peaks at 2800 and 2900 cm− 1 

are associated with the asymmetric and symmetric C-H stretching vi
brations from polyacrylic acid. The adsorption peak between 3200 and 
3500 cm− 1 is associated with -OH hydroxyl stretching vibration which is 
due to the crystal network of NGICs and its composite [30,31]. 

In GIC group, the Si-OH and Si-O-Si stretching vibrations are 

Fig. 2. Transmission electron micrographs and elemental mapping of silver doped 45S5 bioactive glass. A) Bright-field transmission electron micrograph; B) Merge 
of oxide (O), sodium (Na), silicon (Si), phosphate (P) silver(ag), calcium (Ca) element mapping; C) O element mapping; D) Na element mapping; E) Si element 
mapping; F) P element mapping; G) Ag element mapping; H) Ca element mapping. 
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Fig. 3. Human gingival fibroblasts viability (OD value) on the glass ionomer cement (GIC) specimens for 7 days using Cell Counting Kit-8 assay (* p < 0.05) (ns 
p > 0.05). 1% PVPA, GIC with 1% poly(vinylphosphonic acid) solid by weight 5% PVPA, GIC with 5% poly(vinylphosphonic acid)solid by weight 10% PVPA, GIC with 10% 
poly(vinylphosphonic acid)solid by weight. 20% PVPA, GIC with 20% poly(vinylphosphonic acid)solid by weight. 

Fig. 4. Compressive strength (A) and diametral tensile strength (B) of the glass ionomer cement specimens (*p < 0.05, ***p < 0.001). 1% PVPA, GIC with 1% poly 
(vinylphosphonic acid)solid by weight. 5% PVPA, GIC with 5% poly(vinylphosphonic acid)solid by weight 10% PVPA, GIC with 10% poly(vinylphosphonic acid)solid by 
weight. 20% PVPA, GIC with 20% poly(vinylphosphonic acid)solid by weight. 

Fig. 5. Human gingival fibroblasts viability (OD value) on glass ionomer cement (GIC) specimens for 7 days using Cell Counting Kit-8 assay (* p < 0.05) (ns 
p > 0.05). NGIC0, GIC with 10% poly(vinylphosphonic acid)(PVPA) solid by weight. NGIC1, GIC with 1% Ag45S5 bioactive glass (NanoAg BAG) and 10% PVPA solid by 
weight. NGIC2, GIC with 2% NanoAg BAG and 10% PVPA solid by weight. NGIC5, GIC with 5% NanoAg BAG and 10% PVPA solid by weight. 
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characterized by the adsorption peaks at 940 cm− 1 and 1030 cm− 1. This 
is due to the fluoroaluminosilcate glass powder component after setting. 
The C––O symmetric and asymmetric vibrations are characterized by the 
adsorption peaks at 1400 cm− 1 and 1458 cm− 1. This is associated with 
the polyacrylic acid liquid component after setting. The ionized COO- 
stretching vibration is characterized by the adsorption peaks at 
1550 cm-1 which is due to the formation of salts of polyacrylic acid 
(PAA) with fluoroaluminosilcate glass powder (PAA-___Ca2+ and 
PAA-___Al3+) after setting. The C––O carbonyl stretching vibration 
(COOH) is characterized by the adsorption peak at 1700 cm− 1 which is 
associated with polyacrylic acid that unionized after setting. The 
asymmetric and symmetric C-H stretching vibrations are characterized 
by the adsorption peaks at 2800 and 2900 cm− 1 from polyacrylic acid 
after setting. The -OH hydroxyl stretching vibration is characterized by 
adsorption peak between 3200 and 3500 cm− 1. 

3.6. Mechanical properties of NGIC 

3.6.1. Compressive strength 
Fig. 9A shows the compressive strength in MPa of the NGIC and GIC 

specimens. The mean compressive strength and SD of GIC, NGIC0, 
NGIC1, NGIC2 and NGIC5 were 168.13 ± 29.72 MPa, 205.51 
± 29.48 MPa, 221.77 ± 46.79 MPa, 216.61 ± 59.26 MPa and 167.69 
± 36.44 MPa, respectively. NIGC0, NGIC1 and NGIC2 groups exhibited 
higher compressive strength than GIC (p < 0.01); and NGIC1 have the 
highest compressive strength among all the groups (p < 0.05). 

3.6.2. Diametral tensile strength 
Fig. 9B showed the diametral tensile strength of various NGIC and 

GIC groups. The mean diametral tensile strength and SD of GIC, NGIC0, 
NGIC1, NGIC2 and NGIC5 was 14.14 ± 1.67 MPa, 18.27 ± 4.88 MPa, 
21.15 ± 2.21 MPa, 17.23 ± 3.83 MPa and 13.33 ± 3.32 MPa, respec
tively. The NGIC2, NGIC1 and NGIC0 group showed higher diametral 
tensile strength than GIC (p < 0.01). NGIC1 have the highest diametral 
tensile strength among all groups. (**p < 0.01). 

3.7. Ion release properties of NGIC 

Fig. 10 shows release of fluoride (A), phosphate (B), calcium (C) and 
silver ions of the NGICs for 4 weeks. 

3.7.1. Fluoride ions 
The mean and SD of accumulative fluoride release in GIC, NGIC0, 

NGIC1, NGIC2 and NGIC5 after 4 weeks were 32.69 ± 0.93 mg/L, 
32.74 ± 1.71 mg/L, 46.14 ± 4.04 mg/L, 50.79 ± 8.61 mg/L and 86.63 
± 8.36 mg/L, respectively (Fig. 10A). Fluoride release results showed 
that NGIC5 had the highest fluoride release. NGIC1, NGIC2 and NGIC5 
had significantly higher fluoride release than GIC group (p < 0.05). The 
release of fluoride in NGIC0 group was similar to that of GIC (p > 0.05). 

3.7.2. Phosphate ions 
The mean and SD of accumulative phosphate release in GIC, NGIC0, 

NGIC1, NGIC2 and NGIC5 after 4 weeks were 0.71 ± 0.03 mg/L, 0.64 
± 0.05 mg/L, 0.71 ± 0.08 mg/L, 1.15 ± 0.19 mg/L and 4.05 
± 1.21 mg/L, respectively (Fig. 10B). Phosphate release results showed 
that NGIC5 had significantly higher phosphate release than other groups 
(p < 0.05). NGIC2 showed significantly higher phosphate release than 
GIC (p < 0.05). There was no statistical difference in phosphate release 
between NGIC0, NGIC1, and GIC (p > 0.05). 

3.7.3. Calcium ions 
The mean and SD of accumulative calcium release in GIC, NGIC0, 

NGIC1, NGIC2 and NGIC5 for 4 weeks were 0.00 ± 0.00 mg/L, 0.00 
± 0.00 mg/L, 0.00 ± 0.00 mg/L, 1.32 ± 0.26 mg/L and 3.11 
± 1.69 mg/L, respectively (Fig. 10C). Calcium release results showed 
that GIC, NGIC0 and NGIC1 had no detectable calcium release for 4 
weeks (p > 0.05). NGIC2 and NGIC5 showed significantly higher cal
cium release than GIC (p < 0.05). 

3.7.4. Silver ions 
The mean and SD of accumulative silver release in GIC, NGIC0, 

NGIC1, NGIC2 and NGIC5 for 4 weeks were 0.00 ± 0.00 mg/L, 0.00 
± 0.00 mg/L, 0.01 ± 0.01 mg/L, 0.02 ± 0.01 mg/L and 0.07 
± 0.02 mg/L, respectively (Fig. 10D). Silver release results showed that 
the NGIC0 and GIC had no detectable silver release for 4 weeks. NGIC1, 
NGIC2 and NGIC5 showed increased silver release compared to GIC 
(p < 0.05), with NGIC5 having the highest silver release among all 
groups (p < 0.05). 

4. Discussion 

In this study, we have developed a novel glass ionomer material with 
significantly improved mechanical strength and ion release properties in 
this study. This NGIC has potential to be developed into restorative 
material, core materials, luting cement, and fissure sealant. NGICs 
exhibited significant improved mechanical strength compared with 
conventional GIC. The improved mechanical strength indicates a 
broaden clinical application in various site for restoration, including 
occlusal loading area. Moreover, NGICs release fluoride, and phosphate 
and silver sustainably and demonstrate a higher level of ion release 
compared to conventional GIC. The enhanced ion release of NGIC in
dicates its great potential in caries prevention and management in pa
tients with dental caries, particularly for those at a high caries risk. 

Our results indicated that the incorporation of PVPA at less than 10% 
weight percentage enhanced the mechanical strength of NGIC. NGIC 
incorporated with 10% PVPA showed the optimal effects. The addition 
and the weight percentage of PVPA affects the setting reaction of NGIC. 
During the setting reaction of NGIC, the ionization of PVPA releases H+

ions and polyphosphonate. The H+ ions attack the fluoroaluminosilicate 
glass surface in the powder component of NGIC and generate Na+, Ca2+, 
Al3+, H2PO4- and F- etc. ions into the aqueous phase. These ions form 
ionic crosslinks with polyphosphonate [32–34]. This setting reaction in 
NGIC is similar to the setting reaction of polyacrylic acid and fluo
roaluminosilicate glass in the conventional GIC, in which the metal ions 
forms cross-link with polyacrylate [35]. The binding between metal ions 
such as Ca2+ and Al3+ and polyphosphonate are stronger than of poly
acrylate [18]. The difference in the strength of the ionic crosslinks might 
explain the enhanced mechanical strength of NGIC compared to con
ventional GIC. 

PVPA could not indefinitely enhance the mechanical strength. In this 
study, we found 20% PVPA significantly reduced the mechanical 
strength. The setting of NGIC involves mixing glass powder and liquid in 
the NGIC system. We mixed PVPA powder with the GIC liquid such that 
the PVPA was dissolved to form the solution. As the weight percentage 
of PVPA increased, the liquid viscosity increased. Mixing the glass 
powder and liquid with 20% PVPA became difficult due to insufficient 
wettability. Consequently, the setting reaction may have been incom
plete. This could explain the reduced mechanical strength of NGIC with 
PVPA at higher weight percentages, as it may be attributable to an 

Fig. 6. Surface morphology and elemental composition of novel glass ionomer cements (NGICs). Scanning electron micrographs at 1,000x (left) had no observable 
difference of fracture surfaces of A) GIC, B) NGIC0, C) NGIC1, D) NGIC2, E) NGIC5. Energy dispersive X-ray spectra (right) of F) GIC, G) NGIC0, H) NGIC1, I) NGIC2, 
J) NGIC5. No silver peak in NGIC0 and GIC. GIC, glass ionomer cement (GIC). NGIC0, GIC with 10% poly(vinylphosphonic acid)(PVPA) solid by weight. NGIC1, GIC with 
1% Ag45S5 bioactive glass (NanoAg BAG) and 10% PVPA solid by weight. NGIC2, GIC with 2% NanoAg BAG and 10% PVPA solid by weight. NGIC5, GIC with 5% NanoAg 
BAG and 10% PVPA solid by weight. 
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Fig. 7. Surface topography in 2D (left) and 3D (right) with surface roughness value in Ra of of novel glass ionomer cements (NGICs). Surface topography in 2D (left) 
had no observable difference of fracture surfaces of A) GIC, C) NGIC0, E) NGIC1, G) NGIC2, I) NGIC5. Surface topography in 3D (right) with surface roughness value 
in Ra of B) GIC, D) NGIC0, F) NGIC1, H) NGIC2, J) NGIC5. GIC, glass ionomer cement (GIC). NGIC0, GIC with 10% poly(vinylphosphonic acid)(PVPA) solid by weight. 
NGIC1, GIC with 1% Ag45S5 bioactive glass (NanoAg BAG) and 10% PVPA solid by weight. NGIC2, GIC with 2% NanoAg BAG and 10% PVPA solid by weight. NGIC5, GIC 
with 5% NanoAg BAG and 10% PVPA solid by weight. 
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Fig. 8. The reprehensive FTIR spectra in various groups. GIC, glass ionomer cement (GIC) NGIC0, GIC with 10% poly(vinylphosphonic acid)(PVPA) solid by weight. 
NGIC1, GIC with 1% Ag45S5 bioactive glass (NanoAg BAG) and 10% PVPA solid by weight. NGIC2, GIC with 2% NanoAg BAG and 10% PVPA solid by weight. NGIC5, GIC 
with 5% NanoAg BAG and 10% PVPA solid by weigh. 

Fig. 9. The compressive strength (A) and diametral tensile strength (B) of NGIC specimens. GIC, glass ionomer cement (GIC). NGIC0, GIC with 10% poly(vinyl
phosphonic acid)(PVPA) solid by weight. NGIC1, GIC with 1% Ag45S5 bioactive glass (NanoAg BAG) and 10% PVPA solid by weight. NGIC2, GIC with 2% NanoAg BAG and 
10% PVPA solid by weight. NGIC5, GIC with 5% NanoAg BAG and 10% PVPA solid by weight. 

O.Y. Yu et al.                                                                                                                                                                                                                                    



Dental Materials xxx (xxxx) xxx

e11

incomplete setting reaction. 
The Ag nanoparticles (NPs) were incorporated into 45S5 bioactive 

glass (BAG). When the silver nitrate was added to the sol in the sol-gel 
process, the Ag NPs were generated from the thermal treatment of the 
dried gel at 700 ◦C for 3 h. The AgNO3 decomposes first into Ag2O and 
then Ag at temperature higher than 440 ◦C (AgNO3 → Ag2O → Ag NPs) 
[36]. The AgNPs were generated and distributed within the BAG matrix. 
The BAG can be used as a controlled drug delivery system in the case of 
Ag NPs [37]. The Ag NPs loaded BAG controls the release of Ag ions (Ag0 

NPs → Ag+) to inhibit the bacterial growth. The successful synthesis of 
the bioactive glass loaded with silver nanoparticles has been proved in 
two previous studies [38,39]. The Ag NPs were generated during the 
thermal treatment of bioactive glass gel after sol-gel process in both 
studies. Silver nitrate was also used to prepare the bioactive glass loaded 
with Ag NPs in the sol-gel process. The Ag nanoparticles were found to 
unevenly distribute within the BAG matrix [38], demonstrating the 
successful incorporation of Ag NPs into BAG matrix. 

In this study, we found that incorporating 1% or 2% NanoAg BAG by 
weight significantly improved the mechanical strength of NGIC (Fig. 8). 
The addition of bioactive glass has the potential to enhance the me
chanical strength of GIC, as it may provide strong interfacial bonding 
between the glass particles and the cement matrix [40]. However, we 
noted that the addition of BAG into glass ionomer or resin materials can 
negatively alter the mechanical strength of these materials in certain 
instances [20]. The impact of BAG on the mechanical properties of glass 
ionomer materials largely depends on the size of the BAG particles. 
Lohbauer et al. observed that incorporating smaller BAG particles 
(0.5–2 µm in diameter) into GIC showed higher compressive strength 

than the addition of larger BAG particles (4–8 µm in diameter) [41]. This 
was attributed to the more homogeneous and dense microstructure 
provided by the smaller BAG particles with increased surface area, 
thereby enhancing the cement’s mechanical strength [41]. Conse
quently, we synthesized NanoAg BAG with particle diameter of 
approximately 50–150 nm (Fig. 1). The incorporation of 1% or 2% 
NanoAg BAG positively affected the mechanical strength of NGIC. 

It is essential to ensure the biosafety of NGIC for clinical application 
by determining their biocompatibility. The incorporation and weight 
percentage of PVPA and NanoAg BAG might affect the biocompatibility 
of NGIC. In this study, NGIC with varying weight percentages of PVPA 
and 0% and 1% weight percentage of NanoAg BAG demonstrated similar 
biocompatibility to commercial GIC in cell toxicity tests for human 
gingival fibroblasts (Fig. 5). PVPA is a type of hydrophilic polymer with 
good biocompatibility [42], proven to be non-toxic and used as an ad
ditive in dental materials such as composites or electrospun membranes 
[43,44]. Our results also indicated that the addition of PVPA did not 
affect the biocompatibility of NGIC (Fig. 3). 

NanoAg BAG exhibits a strong antimicrobial effect; however, it also 
presents increased cytotoxicity [45]. Therefore, we carried out cyto
toxicity tests to determine the non-cytotoxic dose of NanoAg BAG in 
NGIC. The CCK-8 results demonstrated that NGIC1 exhibited similar 
biocompatibility to commercial conventional GIC. Conversely, NGIC2 
and NGIC5 increased cytotoxicity compared to commercial conven
tional GIC, potentially due to the higher concentration of silver in 
NanoAg BAG in the NGIC. Phetnin et al. reported decreased cell viability 
with increasing silver content in BAG, which was consistent to our study 
[46]. Our results indicated that NGIC with 1% weight percentage of 

Fig. 10. The ion release in various group for 4 weeks. A) fluoride ion release; B) phosphate ion release; C) Calcium ion release; D) Silver ion release. GIC, glass 
ionomer cement (GIC). NGIC0, GIC with 10% poly(vinylphosphonic acid)(PVPA) solid by weight. NGIC1, GIC with 1% Ag45S5 bioactive glass (NanoAg BAG) and 10% PVPA 
solid by weight. NGIC2, GIC with 2% NanoAg BAG and 10% PVPA solid by weight. NGIC5, GIC with 5% NanoAg BAG and 10% PVPA solid by weight. 

O.Y. Yu et al.                                                                                                                                                                                                                                    



Dental Materials xxx (xxxx) xxx

e12

NanoAg BAG exhibited the best biocompatibility, making it the optimal 
concentration for NGIC synthesis. Future studies on NGIC’s clinical 
biosafety should be conducted to confirm the results of this in vitro study 
[47]. 

This study also examined the effects of adding PVPA and NanoAg 
BAG on the surface morphology and roughness of NGIC, which may be 
related to its mechanical and biological properties. We assessed the 
fractured surfaces of NGICs using SEM and found that their fractured 
surface morphology was similar to GIC (Fig. 6), indicating that the 
addition of NanoAg BAG and PVPA did not significantly impact the 
morphology of NGIC’s fractured surface. Furthermore, AFM results 
revealed that the surface topography of NGICs was comparable to that of 
GIC (Fig. 7). NGICs with less than 2% NanoAg BAG displayed a slight 
decrease in surface roughness compared to GIC, although the differences 
were not statistically significant. However, NGIC5 exhibited increased 
surface roughness compared to GIC (p < 0.05). 

The setting of NGIC was examined by FTIR. During the NGIC and GIC 
setting reaction, an ionization of -COOH group to COO- group of poly
acrylic acid occurred during setting. The reaction of polyacrylic acid and 
glass powder formed the polyacrylate salt matrix and formation of ionic 
crosslinks [48]. Therefore, the adsorption at around 1550 cm− 1, i.e., 
ionization of COO-, was more intense than the adsorption at 1700 cm− 1 

(-COOH) after 24 h setting. In GIC group, the Si-OH and Si-O-Si 
stretching vibrations were associated with the fluoroaluminosilcate 
glass powder component after setting. On the other hand, in NGIC1, 
NGIC2 and NGIC5 groups, the Si-OH and Si-O-Si stretching vibrations 
were associated with the fluoroaluminosilcate glass powder component 
and 45 S silver bioactive glass, and the P = O stretching vibrations were 
associated from PVPA after setting. The adsorption peaks for Si-OH and 
Si-O-Si functional groups and P = O were overlap with each other. The 
P = O stretch of the phosphonic acid side group appear between 1090 
and 905 cm− 1 [49], proving the setting reaction of PVPA with GIC. 

We developed the NGIC primarily for caries prevention and man
agement. The potential of NGIC for caries management were assessed by 
the release of the ions related to caries prevention and control, including 
fluoride, phosphate, calcium and silver ions. Fluoride can prevent 
demineralisation and promote remineralisation of dental hard tissue 
[50]. It is a common active ingredient of agents for caries prevention and 
management. Calcium and phosphate are the essential elements of hy
droxyapatite, the main component of dental hard tissue [50,51]. Sup
plementing phosphate and calcium ions into the tooth surface might 
promote reminealisation of the demineralised tooth tissue and prevent 
caries progress, especially in the area where the saliva cannot reach 
[52]. Silver has antimicrobial effect and could prevent caries by inhib
iting the growth of the cariogenic bacteria, thus is used for caries 
management [53]. Although further studies are needed, the release level 
of fluoride, phosphate, calcium and silver by NGIC may potentially 
reflect its effect on prevention and management of caries [54,55]. 

This study revealed that NGICs release fluoride sustainably for over 4 
weeks, and the fluoride release was significantly higher than conven
tional GIC (Fig. 10A). Conventional GIC have caries preventive effect 
compared to other restorative materials though the effect was not 
satisfactory [56]. The caries preventive effect of conventional GIC is 
mainly due to their sustainable fluoride-releasing properties. NGIC 
presented a higher level of fluoride release, which may indicate a 
stronger caries preventive effect compared to GICs. 

The results of calcium and phosphate release showed that NGICs 
with more than 2% weight percentage of NanoAg BAG released more 
calcium and phosphate ion compared to conventional GIC. It proved that 
the addition of NanoAg BAG enhanced the calcium and phosphate ion 
release of NGIC. However, calcium and phosphate release were not 
detected in NGIC with 1% or lower weight percentage of NanoAg BAG 
and GIC. Because GIC contains CaF2 and AlPO4 it was supposed to 
release calcium and phosphate when fluoride release was detected. In 
addition, NanoAg BAG also contributed to the calcium and phosphate 
release as proved in the ion release assessment of the NGIC 2 and NGIC 5 

groups. Therefore, the released calcium and phosphate ion by GIC, 
NGIC0 and NGIC1 might be under the detectable threshold of ICT-OES 
and did not present a trackable result. 

The result of silver release revealed that NGIC released a low level of 
silver while the commercial GIC have no silver release. The silver release 
of NGICs was not sustainable and depleted at various timepoints with 
different weight percentage of NanoAg BAG. The accumulative silver 
release was 0.00625 ug/cm3 from NGIC with 1% NanoAg BAG, which is 
the optimal weight percentage. The amount of silver was substantially 
lower than the dose of the silver inhibiting cell growth [57]. Although 
the level of silver release was low, NGICs were considered to be anti
microbial because the silver incorporated into the NGICs might inhibit 
the growth of microorganism on or around the material, which need to 
be confirmed in future studies. 

This study focused on the development of NGIC and the assessment 
of its mechanical properties and ion-releasing kinetics. The results 
showed promising result in developing a cost-effective material for 
effective caries prevention and management. Further assessment of 
physical, chemical and adhesive properties should be performed before 
the determination on the optimum composition of NGIC. In addition, 
further studies on its antimicrobial and remineralizing effect should be 
conducted to assess its potential on caries management. 

5. Conclusion 

We have developed a novel glass ionomer material which is 
biocompatible and with improved mechanical properties compared to 
conventional GIC. It presented enhanced fluoride, calcium, phosphate 
and silver ion release compared to conventional GIC. 
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Yacaman M. Effect of silver nanoparticles on Candida albicans biofilms: an 
ultrastructural study. J Nanobiotechnology 2015;13:1–12. 

[37] Gupta S, Majumdar S, Krishnamurthy S. Bioactive glass: A multifunctional delivery 
system. J Control Release 2021;335:481–97. 

[38] Yang TY, Chern GI, Wang WH, Shih CJ. Synthesis, Characterization, and 
bioactivity of mesoporous bioactive glass codoped with zinc and silver. Int J Mol 
Sci 2023;24:1–19. 
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