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ABSTRACT
Objective: Glass ionomer cements (GICs) require protective surface coatings to enhance their clinical per-
formance. This study developed novel protective resin coatings for GICs containing monocalcium phos-
phate monohydrate (MCPM), bioactive glass nanoparticles (BAGs), and poly-L-lysine (PLS) and evaluated 
their physical, mechanical, and biological properties when applied to GICs.
Materials and methods: Experimental resin coating materials were formulated with 5–10 wt% of MCPM, 
BAGs, and PLS. The degree of monomer conversion was measured usingAttenuated total reflectance-Fou-
rier transform infrared spectroscopy (ATR-FTIR) (n = 6). GICs coated with the experimental materials were 
evaluated for biaxial flexural strength and modulus after 24 h water immersion using a universal testing 
machine (n = 8). Vickers surface microhardness up to 4 weeks of water immersion was also determined (n 
= 5). Fluoride and elemental release in water were analyzed using a fluoride-specific electrode and induc-
tively coupled plasma optical emission spectrometry (n = 3). Cell viability was assessed using an MTT assay 
with mouse fibrosarcoma (n = 3). A commercial resin coating (EQUIA Forte Coat, EQ) served as control. Data 
were analyzed using one-way ANOVA and Tukey HSD test.
Results: While EQ showed higher monomer conversion (87%) compared to experimental materials (72–
74%) (p < 0.05), GICs coated with experimental materials demonstrated comparable strength to EQ-coated 
GICs. The experimental coatings exhibited similar F, Al, Na, and Si releases to EQ-coated GICs, with enhanced 
P release. All experimental coatings exhibited comparable cell viability (>70%) to the commercial material.
Conclusion: The novel GIC protective coatings containing MCPM, BAGs, and PLS demonstrated acceptable 
in vitro performance comparable to commercial materials while potentially offering enhanced remineral-
ization through increased elemental release.
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Introduction

High-viscosity glass ionomer cement (HV-GIC) is an alternative 
adhesive restoration for conservative load-bearing cavities [1]. 
Glass ionomer cements (GICs) demonstrated effectiveness in 
arresting caries and preventing secondary caries development 
[2]. The failure rate in GIC restoration was still reported to be 
high, especially in extensive restorations [3]. The survival rate of 
GICs was 64.9% at 5 years, with an annual failure rate of 10.02% 
[3]. However, a study demonstrated that GICs used in posterior 
cavity restorations exhibit a high survival rate of over 90% after 
10 years [4]. The primary concern with GICs is their low mechan-
ical properties compared with resin composites [5]. This limita-
tion makes them susceptible to fracture, chipping, and wear 
under masticatory forces [6, 7].

To address these mechanical limitations, protective resin 
coatings have been developed. These low-viscosity materials 
can enhance strength [8] and reduce microleakage and wear 
[7, 9, 10]. The previous studies indicated that the application 
of coating resin increased in vitro flexural strength, likely due 
to the coating material helping seal cracks in the specimens 
[11, 12]. However, the application of coating resin also 
inhibited the release of elements such as fluoride, possibly 
because the coating layer acts as a physical barrier [11, 13]. A 
study showed that resin coatings lowered fluoride release of 
GICs by approximately 32–39% [11, 14], while dental adhesive 
coatings decreased ion release by up to 307-fold [15].

Recent developments for ion-releasing resin-based materials 
have focused on incorporating ion-releasing substances into 
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Table 1.  Composition of powder phase in each formulation.
Chemicals (wt%) F1

(wt%)
F2

(wt%)
F3

(wt%)
F4

(wt%)
F5

(wt%)

Silanated baroaluminosilicate 
glass
(diameter ~0.7 µm)

70 75 80 85 100

Monocalcium phosphate 
monohydrate
(MCPM, diameter ~10 µm)

10 10 5 5 0

Bioactive glass
(BAG, diameter ~200 nm)

10 10 5 5 0

Polylysine
(PLS, diameter ~10–50 µm)

10 5 10 5 0

resin coatings to maintain their protective benefits while 
enhancing remineralization potential. Surface pre-reacted glass 
(S-PRG) has shown promise in releasing multiple beneficial ions, 
including strontium, borate, fluoride, sodium, silicate, and 
aluminum [16]. Monocalcium phosphate monohydrate (MCPM), 
known for its high solubility, can enhance water absorption [17] 
and promote calcium and phosphate diffusion for 
remineralization [18]. Additionally, bioactive glass (BAG) 
particles offer additional remineralizing benefits by releasing 
calcium, fluoride, and strontium [19]. The BAG also modulated 
biofilm formation through environmental pH changes [20, 21].

The potential concern with resin-based materials is monomer 
release and biocompatibility. Inadequate polymerization can 
lead to monomer release, potentially shifting bacterial biofilm 
toward greater cariogenicity [22]. Traditional coatings containing 
high levels of methyl methacrylate (MMA) monomers present 
concerns regarding odor and potential skin irritation [23]. Poly-L-
lysine (PLS) has emerged as a promising additive, demonstrating 
significant antibacterial action against S. mutans at 2 wt% 
concentration [24]. PLS exhibited minimal cytotoxicity and was 
utilized as a preservative in canned foods [25]. While PLS may 
increase water sorption [17] and potentially enhance ion release, 
higher concentrations may also affect mechanical properties [18].

This study aimed to develop MMA-free resin-coating materials 
to reduce skin irritation risks and unpleasant smells for patients 
and dental professionals during treatment. The experimental 
coatings incorporated MCPM, BAG, and PLS. They were evaluated 
for their degree of monomer conversion, biaxial flexural strength 
(BFS) and biaxial flexural modulus (BFM), Vickers surface 
microhardness, elemental release, and in vitro cytotoxicity. The 
null hypotheses proposed were as follows: (1) The experimental 
coatings would exhibit monomer conversion and in vitro 
cytotoxicity comparable to those of commercial materials, and 
(2) GIC coated with the experimental materials would not 
demonstrate significant differences in BFS and modulus, Vickers 
surface microhardness, and elemental release when compared 
to those coated with a commercial resin coating material.

Materials and methods

Materials preparation

The experimental resin coating materials were prepared by mix-
ing the powder phase with the liquid phase. The liquid formula-
tions contain 60 wt% urethane dimethacrylate (UDMA, 
Sigma–Aldrich, St. Louis, MO, USA), 36 wt% triethylene glycol 
dimethacrylate (TEGDMA), 2 wt% 10-methacryloyloxydecyl 
dihydrogen phosphate (10-MDP, Sigma–Aldrich, St. Louis, MO, 
USA), 1 wt% diphenyl (2,4,6-trimethyl benzoyl) phosphine oxide 
(TPO, Sigma–Aldrich, St. Louis, MO, USA), and 1 wt% dimethyl-
aminoethyl methacrylate (DMAEMA, Sigma–Aldrich, St. Louis, 
MO, USA). The chemicals were weighed and mixed in an amber 
bottle using a magnetic stirrer for 30 minutes until the mixture 
became clear. The powder phase contains variation of silanated 
baroaluminasilicate glass (0.7 µm in diameter, Esstech, Essington, 
PA, USA), MCPM (Himed, Old Bethpage, NY, USA), BAG (King 

Mongkut’s University of Technology Thonburi, Bangkok, 
Thailand), and PLS (Handary, Brussel, Belgium).

The composition of the BAG used in this study was based on 
findings from previous research, which indicated improved 
elemental release and antibacterial properties when the glass 
was incorporated into resin-based materials [11, 26]. The BAG 
nanoparticles (BAG, ~200 nm diameter) were synthesized via 
sol-gel process and post-functionalization. For the initial 
synthesis, 329.2 mL of ethanol (Merck, Darmstadt, Germany), 
41.1 mL of deionized water, and 4.8 mL of ammonium hydroxide 
(Merck, Darmstadt, Germany) were mixed in a 1 L Erlenmeyer 
flask and stirred at 600 rpm using a magnetic stirrer for 15 
minutes. Then, 25.0 mL of tetraethyl orthosilicate (TEOS, Sigma-
Aldrich, St. Louis, MO, USA) was gently added into the prepared 
solution and stirred for 16 to 18 h at room temperature to 
complete the hydrolysis and poly-condensation reactions. SiO2-
NPs were collected using centrifugation at 5,000 rpm at 25°C for 
30 minutes and re-suspended in deionized water. For the post-
functionalization process, a total of 8.6 g of Ca(NO3)2·6H2O 
(Sigma-Aldrich, St. Louis, MO, USA), 23.1 g of Sr(NO3)2 (Merck, 
Darmstadt, Germany), and 0.6 g of NaF (Merck, Darmstadt, 
Germany) were doped into the SiO2-NPs using a nominal molar 
ratio of SiO2:CaO:SrO:NaF of 1.0:0.33:0.98:0.5. The particles were 
collected and dried at 60°C in the oven overnight to remove 
excess water before calcination at 680°C. The furnace 
temperature was increased at a rate of 3°C/minutes from room 
temperature to 680°C and maintained at 680°C for 3 h to remove 
nitrate precursors and obtain BAG nanoparticles. The final 
particles were washed with ethanol twice before use. The 
scanning electron microscope image and elemental components 
of the particles are provided in Figure 1.

Five different formulations of resin coating were prepared 
using the fixed liquid formulation but with varying concentrations 
in the powder phase, as shown in Table 1. These formulations 
were selected based on the results of similar resin-based materials 
tested in previous studies [11, 27]. The powder components were 
weighed with a 4-digit balance and hand mixed with the liquid 
phase at a 1:3 powder-to-liquid ratio (25% filler, 75% monomers) 
for 20 s in a rubber cup to produce a uniform resin paste. The 
paste of resin coating was then placed into a 5 mL black adhesive 
bottle and stored at 4°C. The commonly used commercial resin 
coating material (EQUIA Forte Coat, GC Corporation, Tokyo, 
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Japan) was used as the commercial comparison (Table 2). The 
conventional HV-GIC used in the current study was EQUIA Forte 
HT Fil (GC Corporation, Tokyo, Japan).

Degree of monomer conversion

The degree of conversion (DC) was measured using ATR-FTIR 
(n = 6). The coating materials were placed on the ATR diamond, 
which was covered by a metal ring with dimensions of 0.5 mm 
thickness and 0.6 mm diameter, along with an acetate sheet. 
Light curing was performed on the top surface for 20 s using an 
LED curing light an LED light-curing unit (wavelength 380–515 
nm, 1,500 mW/cm2, Eighteeth, Changzhou Sifary Medical 
Technology, Jiangsu, China). FTIR spectra were obtained from 
the bottom surface with a resolution of 4 cm–1 and 8 scans. The 
spectral range recorded was from 700 to 4,000 cm–1. The DC was 
then determined using the following equation:

( )
DC =

100 A - A

A
0 t

0
� Equation 1

In this equation, ΔA0 and ΔAt represent the peak height of the 
C-O stretching vibration [28, 29] of the methacrylate group at 
1,320 cm–1 above the background level at 1,335 cm–1, measured 
before curing and at the time t after initiating curing, respectively.

BFS and BFM

GIC capsules (EQUIA Forte HT Fil, GC, Japan) were mixed in an 
amalgamator for 10 s (CapMix, 3M, Saint Paul, MN, USA). They 
were injected into a metal ring of 1 mm in thickness and 10 mm 
in diameter (Springmasters, Redditch, UK), covered with an 

acetate sheet and a glass slab, and left at room temperature for 
30 minutes. Then, they were removed from the ring, and one sur-
face was ground with no. 500 silicon-carbide paper for 10 s, fol-
lowed by rinsing with running water for another 10 s (Figure 2). 
Subsequently, the ground surface was coated with a resin coat-
ing for 5 s, covered with a glass slide, and light-cured with an 
LED-curing unit for 20 s. The specimens were then immersed in 
10 mL of deionized water and stored at 37 °C for 24 h before the 
test. The specimens were then removed, their thickness meas-
ured, and placed on a ball-on-ring testing jig.

BFS and BFM of the materials were measured using a 
mechanical testing frame (AGSX, Shimadzu, Tokyo, Japan). The 
test was conducted by applying a 500 N load cell on the jig 
with a crosshead speed of 1 mm/minutes. The maximum failure 
load was recorded, and the results were calculated using the 
following equations:

( )BFS =
F

d
1+ v 0.485ln

r
d

+ 0.52  + 0.48
2

� Equation 2

×
β

BFM =
H

W

d

qc

c
2

3
� Equation 3

Here, F is the failure load (N), d is the thickness of the disc 
specimens (m), r is the radius of the circular support of the 
ball-on-ring testing jig (m), and v represents Poisson’s ratio 
(0.3) [29].  

H
Wc

is the rate of load change relative to central 
deflection or gradient of force versus the displacement curve 
(N/m). βc and q are the center deflection function (0.5024) 
and the ratio of the support radius to the specimen radius, 
respectively.

Figure 1.  Scanning electron microscope (SEM) image of the bioactive glass particles and the elemental analysis. 
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The fracture surface of the representative specimen from 
each group was coated with gold using a sputter coater (Q150R, 
Quorum Technologies, East Sussex, UK). The analysis of the 
fracture site was conducted via a scanning electron 
microscope (SEM, JSM 7800F, JEOL, Tokyo, Japan) equipped 
with energy dispersive X-ray (EDX, X‐Max 20, Oxford 
Instruments, Abingdon, UK). The examination was 
performed at an accelerated voltage of 15 kV. EDX mapping 
was carried out at the center of the coating resin to identify 
the material’s elemental composition.

Vickers surface microhardness

Specimens were prepared following the same procedure in the 
BFS testing (n = 5). These specimens were submerged in 10 mL 
of deionized water for periods of 24 h and 4 weeks. At each 
time interval, the surface microhardness was assessed from the 
coated surface using a Vickers surface microhardness tester 
(FM-800, Future-Tech Corp, Kanagawa, Japan). A load of 300 g 
was applied for an indentation duration of 10 seconds, and the 
readings were reported as Vickers hardness number (VHN) 
[30]. Measurements represented the average values obtained 
from four areas of the surface.

Elemental release

For fluoride release, three coated specimens were placed in 3 mL 
of deionized water at 37ºC. Fluoride concentration in the solu-
tion was measured at 24 h and after 1, 2, 3, 4, and 5 weeks. At 
each interval, specimens were removed and placed in fresh 
deionized water. A calibration curve was determined using 
standard fluoride solutions of 1, 10, 100, and 1,000 ppm. The col-
lected storage solution was mixed with TISAB II (Orion ionplus, 
Thermo Scientific, Waltham, MA, USA) at a 1:10 ratio. Fluoride 
concentration was measured using the specific fluoride elec-
trode (Orion Versastar Pro, Thermo Scientific, Waltham, MA, USA).

To examine the release of elements such as aluminum (Al), 
phosphorus (P), calcium (Ca), silicon (Si), and strontium (Sr), 
separate disc specimens (n = 3) were prepared and placed in 
tubes containing 5 mL of deionized water. They were incubated 
at 37ºC for 4 weeks. Following the immersion period, the 
element concentrations in the storage solution were measured 
with inductively coupled plasma optical emission spectrometry 
(ICP-OES, Optima 8300, PerkinElmer, Waltham, MA, USA). 
Calibration for this analysis was performed using the 
environmental standard containing 26 components (CPA Chem, 
Bogomilovo, Bulgaria). The wavelengths and detection ranges 
employed for Al, Ca, P, Si, and Sr were 396 nm (0.1–20 ppm), 317 
nm (0.1–50 ppm), 213 nm (0.5–20 ppm), 251 nm (0.1–50 ppm), 
and 460 nm (0.1–50 ppm), respectively.

Cytotoxicity

The cytotoxicity analysis of extracts from disc specimens was 
performed according to the previous study (n = 3) [31]. The coat-
ing materials were placed in a metal circlip (0.5 mm thick and 6 
mm in diameter), covered with acetate sheets and glass slides 
and then light-cured from the top surface for 20 seconds. They 
were sterilized by UV irradiation for 30 minutes on both the top 
and bottom sides. The samples were incubated in a supple-
mented Dulbecco’s modified Eagle medium (DMEM, Gibco, 
Thermo Fisher Scientific, Grand Island, NY, USA) for 5 days at 
25ºC. The diluted extracts were used to culture L-929 mouse 
fibrosarcoma cells (8,000 cells per well) for 72 h at 37°C in an 
atmosphere of 5% CO2. This was compared to a blank control 
with a plain culture medium and a positive control using 
Doxorubicin. Cell viability was assessed using an MTT assay 
(Invitrogen, Thermo Fisher Scientific, Grand Island, NY, USA), 
incubating for 30 minutes at 37°C before the reaction was 
stopped with dimethyl sulfoxide (DMSO, Gibco, Thermo Fisher 
Scientific, Grand Island, NY, USA). Absorbance measurements 

Table 2.  Composition of the commercial material used in the current study.

Materials Composition Lot number Supplier

EQUIA Forte HT Fil Fluoroaluminosilicate glass, polyacrylic acid, 
surface-treated glass

2302091 GC Corporation, Tokyo, Japan

EQUIA Forte Coat
(EC)

25–50% methyl methacrylate
(MMA), camphorquinone, colloidal silica, urethane 
dimethacrylate, phosphoric acid ester monomer, 
butylated hydroxytoluene 

2301231 GC Corporation, Tokyo, Japan

Figure 2.  Illustration of the coating material and specimen preparation for 
this study. Created in BioRender. Panpisut, P. (2023) https://BioRender.com/
q45p294.
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were taken at 570 nm and 650 nm, and relative cell viability 
was calculated against the control. The entire experiment was 
conducted in triplicate. The results were expressed as relative 
cell viability (%) compared to the control, calculated using the 
following equation [32, 33]. This test was performed in 
triplicate.

×Relative cell viability =
OD of the test group

OD of the control
100 � Equation 4 

Statistical analysis

Data were analyzed using Prism 10 (GraphPad Software, San 
Diego, CA, USA). Values are presented as mean and SD. Data 
normality was tested using a Shapiro-Wilk test. Normally dis-
tributed data for the degree of monomer conversion, BFS/BFM, 
Vickers surface microhardness, and fluoride release were ana-
lyzed using one-way ANOVA followed by the Tukey HSD test. 
For elemental release and cell viability results, the data were 
analyzed using the Kruskal‑Wallis followed by the Dunn test. 
Additionally, a factorial analysis was employed to determine 
the effect of additive concentration on the outcomes meas-
ured. Sample size estimation was conducted using G*power 
software, based on results from a previous study [11], to 
achieve a power greater than 0.95 and alpha = 0.05 for a one-
way ANOVA.

Results

Degree of monomer conversion

The highest conversion degree of the resin coating was observed 
with EQUIA Forte Coat (EQ) (87.04 ± 1.11%) (Figure 3). This value 
was significantly greater than that of F1 (74.09 ± 1.51%, p < 0.01), 
F2 (72.51 ± 0.96%, p < 0.01), F3 (71.92 ± 1.18%, p < 0.01), F4 
(72.00 ± 2.53%, p < 0.01), and F5 (74.31 ± 2.53%, p < 0.01). 

However, there were no significant differences among the vari-
ous experimental materials (p > 0.05). The effect of increasing 
additive concentration was minimal.

BFS and BFM

The highest BFS (Figure 4A) recorded was for GIC coated with F5 
(51.9 ± 7.9 MPa), which was comparable to that of other 
materials (p > 0.05). There were no significant differences 
between the experimental materials. Regarding BFM (Figure 
4B), F4-coated GICs exhibited the highest value (4.2 ± 0.4 GPa), 
while EQ had the lowest (3.4 ± 1.4 GPa); however, all results 
were similar (p > 0.05). The addition of the additives showed 
minimal impact on BFS, but the additives (MCPM + BAG) and 
PLS slightly lowered BFM by approximately 9.4 ± 9.2% and 9.6 ± 
9.1%, respectively.

The coated layer on the fracture surface of the tested 
specimen (Figure 5) from the experimental group was 
less  smooth and homogeneous compared to EQ. Various 
elements such as Ca, Al, Si, and P were detected from F2 to F3.

Vickers surface microhardness

The highest Vickers surface microhardness at 4 weeks was 
observed in GICs coated with EQ (54.2 ± 13.9 VHN) (Figure 6). 
This value was significantly higher compared to F1 (33.2 ± 9.2 
VHN, p = 0.0027), F2 (32.6 ± 2.5 VHN, p = 0.0020), F3 (30.4 ± 3.4 
VHN, p = 0.0006), F4 (30.7 ± 4.7 VHN, p = 0.0008), and F5 (28.1 ± 
5.8 VHN, p = 0.0002). No significant effect was found from 
increasing the concentration of reactive fillers.

Significant decreases in surface microhardness after 4 
weeks of immersion were observed for GICs coated with F1 
(p = 0.0425), F2 (p = 0.0462), and EQ (p = 0.0180). Adding more 
MCPM and BAG increased surface microhardness by 
approximately 18 ± 9% at 24 hours, but this effect was minimal 
after 4 weeks.

Elemental release

The release of fluoride in all coated GICs demonstrated the 
linear release with the square root of time throughout the 
experimental period of up to 5 weeks (Figure 7A). The highest 
fluoride release at 5 weeks was observed with EQ (40.7 ± 3.5 
ppm), comparable to other materials (p > 0.05) (Figure 7B). 
The increase in concentration of MCPM and BAG showed 
minimal effect on fluoride release. The rising concentration 
of PLS reduced the cumulative fluoride release by approxi-
mately 28 ± 10%.

For Al release (Figure 8A), the GICs coated with EQ exhibited 
the highest level (2.9 ± 1.6 ppm), but this was not significantly 
different from that of other materials (p > 0.05). The increase in 
MCPM and BAG concentration exhibited minimal effect on the 
release level of Al. For P release (Figure 8B), F1 showed the 
highest release (1.1 ± 0.3 ppm), but this was comparable to 
other materials (p > 0.05). Factorial analysis revealed that 

Figure 3.  Degree of monomer conversion of resin coating materials after 
40 seconds of light-curing. Error bars represent SD (n = 5). Identical letters 
represent p > 0.05. 
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increasing MCPM and BAG resulted in ~54 ± 33% rise in P release, 
while an increase in PLS showed minimal effect. The release of 
Na (Figure 8C) was highest in F3 (28.6 ± 5.9 ppm), while the 
lowest value was detected with F1 (21.9 ± 3.0 ppm). However, 
these values were not significantly different from other materials 
(p > 0.05). The effect of additives on the elemental release was 
minimal. For Si release (Figure 8D), F5 exhibited the highest 
value (2.9 ± 1.4 ppm), whereas F1 showed the lowest value 
(0.75 ± 0.4 ppm). However, the releases from all materials were 
statistically similar (p > 0.05).

Cytotoxicity

The highest cell viability compared to the blank control was 
detected with F3 (108.0 ± 3.0%), while the lowest was seen with 
F5 (100.4 ± 1.0%) (Figure 9). The cell viability of F3 was signifi-
cantly higher than that of the other groups (p < 0.05). The cell 
viability of EQ (105.7 ± 4.0%) was similar to that of F4 (108.0 ± 
3.0%) and F5. Increasing levels of MCPM and BAG reduced cell 
viability by about 6 ± 2%, while an increase in PLS enhanced cell 
viability by approximately 12 ± 1%.

Figure 4.  Biaxial flexural strength (A) and biaxial flexural modulus (B) of glass ionomer cements (GICs) coated with experimental and commercial resin coat-
ing materials after immersion in deionized water for 24 h. Error bars are SD (n = 6). Identical letters represent p > 0.05. 

Figure 5.  Fracture surface of tested specimens from each group. Highlighted in yellow is the resin coating. Elemental analysis using energy dispersive X-ray 
(EDX) mapping was done on the resin coating (rectangular area). Arrows show the filler components of the experimental materials.
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Discussions

The current study prepared and investigated the in vitro perfor-
mance of experimental resin coatings containing MCPM, BAG, 
and PLS. The results showed that while the commercial resin 
coating material exhibited higher DC than the experimental 
materials, both demonstrated comparable cytotoxic effects. 
Therefore, the first null hypothesis was partially rejected. The 
second null hypothesis was accepted, as GIC specimens coated 

with the experimental materials showed comparable perfor-
mance to those coated with commercial products in BFS, BFM, 
surface microhardness and elemental release.

The high degree of monomer conversion in EQ could be 
attributed to using low molecular weight and short molecular 
chains such as MMA, which generally show a high conversion 
rate [34]. The experimental resin coating includes UDMA as 
the  base monomer, which exhibited a high glass transition 
temperature (–35.3˚C). This might contribute to the lower 

Figure 6.  Vickers surface microhardness of glass ionomer cements (GICs) coated with experimental and commercial resin coatings after immersion in deion-
ized water for 24 h and 4 weeks. Error bars indicate SD (n = 6). Identical uppercase and lowercase letters show p > 0.05 at 24 hours and 4 weeks, respectively. 
The red lines indicate p < 0.05 for comparisons within the same materials.

Figure 7.  (A) The cumulative release of fluoride for up to 5 weeks. Error bars from the scatter plot were removed to aid visualization. (B) The cumulative 
release of fluoride at 5 weeks. Errors bars are SD (n = 3). Identical letters indicate p > 0.05. 
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monomer conversion observed in the experimental material 
compared with the commercial material [35]. Additionally, the 
presence of fillers could affect the DC by promoting light 
scattering [36], thereby hindering light penetration to the 
bottom side of the material and leading to a lower DC. The DC of 
EQ in the current study (~87%) was also higher than that 
reported in the previous study (~66%) [11], which could be 
attributed to using a thinner metal circlip in the FITR test (0.5 
mm versus 1 mm), allowing light to pass through the bottom 
surface more easily.

The experimental material showed a conversion level 
between 72 and 74%, aligning with the reported range (40–
75%) for resin-based materials used in restorations [37]. 
Achieving a high level of polymerization of resin coatings in the 
current study is desirable to help minimize the risk of toxic 
monomer release, which could potentially cause irritation or 
toxic effects [38, 39]. The high DC obtained from the experimental 
material could be attributed to using a high level of TPO, which 
showed higher efficacy in DC than camphorquinone (CQ) [40]. 
High DC and low risk of monomer leaching were also expected 
to ensure high strength [41], good color stability [42], and a 
lower risk of biofilm formation [43].

The findings of the present study suggest that incorporating 
hydrophilic fillers into the resin coatings had minimal impact on 
the strength of the coated GICs. This observation can be 
explained by the fact that the material’s overall strength 
primarily depends on the bulk structure of the GIC itself [44]. As 
the same GIC material was used, thus consistent strength values 

should be observed across all experimental groups. The coating 
layer may primarily function by occluding surface cracks and 
voids [45].

Significant reductions in surface microhardness of the 
coating materials were observed at 4 weeks for formulations 
containing high concentrations of BAG and MCPM, as well as for 
EQ. In the experimental coatings, the hydrophilic reactive fillers 
may promote water sorption or release over time [19], leading 
to the plasticization of the polymer matrix. For EQ, its polymer 
network, formed by low molecular weight MMA monomers, 
may be more flexible and suitable for water sorption [46] that 
plasticizes the polymer matrix [47]. As water absorption in resin-
based materials is a continuous process [48], longer immersion 
periods may be necessary to assess its mechanical performance. 
Additionally, the water sorption of the resin coating should be 
tested in future work.

The release of fluoride from all GICs coated with experimental 
resin coating or commercial material demonstrated that the 
release followed the diffusion control mechanism as it is directly 
proportional to the square root of time [49]. This study also 
indicated that the level of additives added to the resin coating 
showed minimal effects on the elemental releasing properties 
of the materials, especially Ca and Sr, which could play a role in 
promoting mineralization [50]. The initial Sr levels might be low 
as indicated by the absence of detection in the EDX analysis of 
the glass. Therefore, further research may be required to 
optimize and enhance the additive concentrations, which 
facilitate the release of key ions for mineralization or biofilm 
modulation. A previous study that developed a similar 
formulation of resin-coating but containing PRG ionomer fillers 
showed comparable results, where a low level of Ca was 
detected, but a high level of P was released [11]. It was suggested 
that the released Ca might interact with fluoride, forming CaF2 
salts, thereby leading to the failure to detect the element.

This study modified the resin coating formulation from the 
previous study [11] by incorporating PLS, which is known for its 
antibacterial properties. Higher PLS concentrations improved 
cell viability. PLS contains positively charged hydrophilic amino 
groups at pH 7 [51] The PLS may buffer the pH and reduce acidity 
resulting from MCPM disproportionation [52], creating a more 
favorable environment for cells compared to formulations with 
lower PLS concentrations. Increased PLS concentrations reduced 
fluoride release from the GICs. We hypothesize that the positively 
charged groups in the PLS [51] may interact with negatively 
charged fluoride ions, thereby reducing free fluoride availability. 
A limitation of the current study was the lack of investigation 
into the antibacterial properties of the coated GIC. Future 
studies should examine the effect of PLS-containing resin 
coatings on biofilm growth

The commercial coating material exhibited an unpleasant 
odor due to high concentrations of MMA monomers. However, 
EQ extract demonstrated no substantial cytotoxicity. This 
favorable outcome likely resulted from proper curing according 
to the manufacturer’s protocol, leading to a high degree of 
monomer conversion that enhanced crosslinking and reduced 
the monomer release [37]. Cell viability was greater than 70%, 

Figure 8.  (A–D) The release of Al, P, Na, Si for 4 weeks. Errors bars are SD (n = 
3). Identical letters indicate p > 0.05.
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indicating low toxicity risk according to the British Standard: 
Biological evaluation of medical devices Part 5: Tests for in vitro 
cytotoxicity (ISO 10993-5:2009) [33].

This study aimed to develop MMA-free resin-coating 
materials to reduce the risk of skin irritation risks and unpleasant 
odors for both patients and dental professionals during 
treatment. The results indicated that the experimental materials 
showed comparable properties to the commercial material in 
terms of BFS, elemental release, and cytotoxicity. Therefore, the 
null hypothesis was partially accepted. Several limitations of the 
current study should be acknowledged. Additional tests, 
including biofilm modulation and remineralizing action 
assessments, are needed to optimize the formulation and 
determine appropriate reactive filler concentrations. While 
increasing reactive filler concentrations showed a minimal 
negative impact on the material’s mechanical and physical 
properties, higher filler levels may be required to enhance ion 
release for anticaries effects.

Conclusion

The experimental resin coating, free from MMA monomers and 
incorporating MCPM, BAGs, and PLS, demonstrated satisfactory 
monomer conversion and cytotoxicity levels comparable to 
commercial products. GICs coated with this experimental for-
mulation exhibited mechanical strength similar to those with 
commercial coatings. These findings may suggest that this 
material could serve as a viable alternative for coating GIC 
restorations.
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Key messages

1.	 The experimental resin coating demonstrated similar physi-
cal and mechanical performance to commercial resin coat-
ing when coated on glass ionomer cements (GIC).

2.	 The experimental coatings maintained a similar fluoride 
release profile and enhanced phosphorus release for GIC 
through reactive fillers, potentially improving 
remineralization.

3.	 The experimental resin coatings exhibited in vitro biocom-
patibility comparable to a commercial product.

References
[1]	 Cribari L, Madeira L, Roeder RBR, Macedo RM, Wambier LM, Porto 

TS, et al. High-viscosity glass-ionomer cement or composite resin for 
restorations in posterior permanent teeth? A systematic review and 
meta-analyses. J Dent. 2023;137:104629. https://doi.org/10.1016/j.
jdent.2023.104629

[2]	 Ge KX, Quock R, Chu CH, Yu OY. The preventive effect of glass ion-
omer cement restorations on secondary caries formation: a sys-
tematic review and meta-analysis. Dent Mater. 2023;39(12):e1–17. 
https://doi.org/10.1016/j.dental.2023.10.008

[3]	 Vetromilla BM, Opdam NJ, Leida FL, Sarkis-Onofre R, Demarco FF, 
van der Loo MPJ, et al. Treatment options for large posterior res-
torations: a systematic review and network meta-analysis. J Am 
Dent Assoc. 2020;151(8):614–24.e618. https://doi.org/10.1016/j.
adaj.2020.05.006

[4]	 Gurgan S, Kutuk ZB, Yalcin Cakir F, Ergin E. A randomized con-
trolled 10 years follow up of a glass ionomer restorative material 
in class I and class II cavities. J Dent. 2020;94:103175. https://doi.
org/10.1016/j.jdent.2019.07.013

[5]	 Panpisut P, Toneluck A. Monomer conversion, dimensional stabil-
ity, biaxial flexural strength, and fluoride release of resin-based 
restorative material containing alkaline fillers. Dent Mater J. 
2020;39(4):608–15. https://doi.org/10.4012/dmj.2019-020

[6]	 van Dijken JWV, Pallesen U, Benetti A. A randomized controlled 
evaluation of posterior resin restorations of an altered resin modi-
fied glass-ionomer cement with claimed bioactivity. Dent Mater. 
2019;35(2):335–43. https://doi.org/10.1016/j.dental.2018.11.027

[7]	 Kielbassa AM, Oehme EP, Shakavets N, Wolgin M. In vitro wear of 
(resin-coated) high-viscosity glass ionomer cements and glass 

Figure 9.  The percentage cell viability after exposure to extract of the resin 
coatings. Errors bars are SD (n = 3). Identical letters indicate p > 0.05.

https://doi.org/10.1016/j.jdent.2023.104629
https://doi.org/10.1016/j.jdent.2023.104629
https://doi.org/10.1016/j.dental.2023.10.008
https://doi.org/10.1016/j.adaj.2020.05.006
https://doi.org/10.1016/j.adaj.2020.05.006
https://doi.org/10.1016/j.jdent.2019.07.013
https://doi.org/10.1016/j.jdent.2019.07.013
https://doi.org/10.4012/dmj.2019-020
https://doi.org/10.1016/j.dental.2018.11.027


10  J. JIRAMONGKHONSUK ET AL.

hybrid restorative systems. J Dent. 2021;105:103554. https://doi.
org/10.1016/j.jdent.2020.103554

[8]	 Heck K, Frasheri I, Diegritz C, Manhart J, Hickel R, Fotiadou C. Six-year 
results of a randomized controlled clinical trial of two glass iono-
mer cements in class II cavities. J Dent. 2020;97:103333. https://doi.
org/10.1016/j.jdent.2020.103333

[9]	 Tyagi S, Thomas AM, Sinnappah-Kang ND. A comparative evalua-
tion of resin- and varnish-based surface protective agents on glass 
ionomer cement – a spectrophotometric analysis. Biomater Investig 
Dent. 2020;7(1):25–30. https://doi.org/10.1080/26415275.2020.1711
760

[10]	 Diem VT, Tyas MJ, Ngo HC, Phuong LH, Khanh ND. The effect of a 
nano-filled resin coating on the 3-year clinical performance of a con-
ventional high-viscosity glass-ionomer cement. Clin Oral Investig. 
2014;18(3):753–9. https://doi.org/10.1007/s00784-013-1026-z

[11]	 Panpisut P, Toneluck A, Khamsuk C, Channasanon S, Tanodekaew S, 
Monmaturapoj N, et al. The development of resin-coating materials 
for enhancing elemental release of coated glass ionomer cements. 
Heliyon. 2024;10(14):e34512. https://doi.org/10.1016/j.heliyon.2024.
e34512

[12]	 Thongbai-On N, Banomyong D. Flexural strengths and porosities 
of coated or uncoated, high powder-liquid and resin-modified 
glass ionomer cements. J Dent Sci. 2020;15(4):433–6. https://doi.
org/10.1016/j.jds.2020.02.004

[13]	 Krajangta N, Dulsamphan C, Chotitanmapong T. Effects of protective 
surface coating on fluoride release and recharge of recent uncoated 
high-viscosity glass ionomer cement. Dent J (Basel). 2022;10(12):233. 
https://doi.org/10.3390/dj10120233

[14]	 Brzovic-Rajic V, Miletic I, Gurgan S, Peros K, Verzak Z, Ivanisevic-
Malcic A. Fluoride release from glass ionomer with nano filled coat 
and varnish. Acta Stomatol Croat. 2018;52(4):307–13. https://doi.
org/10.15644/asc52/4/4

[15]	 Par M, Gubler A, Attin T, Tarle Z, Tarle A, Prskalo K, et al. Effect of 
adhesive coating on calcium, phosphate, and fluoride release 
from experimental and commercial remineralizing dental restor-
ative materials. Sci Rep. 2022;12(1):10272. https://doi.org/10.1038/
s41598-022-14544-9

[16]	 Imazato S, Nakatsuka T, Kitagawa H, Sasaki JI, Yamaguchi S, Ito S, et 
al. Multiple-ion releasing bioactive surface pre-reacted glass-iono-
mer (S-PRG) filler: innovative technology for dental treatment and 
care. J Funct Biomater. 2023;14(4):236. https://doi.org/10.3390/
jfb14040236

[17]	 Panpisut P, Liaqat S, Zacharaki E, Xia W, Petridis H, Young AM. Dental 
composites with calcium/strontium phosphates and polylysine. 
PLoS One. 2016;11(10):e0164653. https://doi.org/10.1371/journal.
pone.0164653

[18]	 Alkhouri N, Xia W, Ashley P, Young A. The effect of varying monocal-
cium phosphate and polylysine levels on dental composite prop-
erties. J Mech Behav Biomed Mater. 2023;145:106039. https://doi.
org/10.1016/j.jmbbm.2023.106039

[19]	 Chaichana W, Insee K, Chanachai S, Benjakul S, Aupaphong V, 
Naruphontjirakul P, et al. Physical/mechanical and antibacterial 
properties of orthodontic adhesives containing Sr-bioactive glass 
nanoparticles, calcium phosphate, and andrographolide. Sci Rep. 
2022;12(1):6635. https://doi.org/10.1038/s41598-022-10654-6

[20]	 Dai LL, Mei ML, Chu CH, Lo ECM. Antibacterial effect of a new bio-
active glass on cariogenic bacteria. Arch Oral Biol. 2020;117:104833. 
https://doi.org/10.1016/j.archoralbio.2020.104833

[21]	 Galarraga-Vinueza ME, Mesquita-Guimaraes J, Magini RS, Souza 
JC, Fredel MC, Boccaccini AR. Anti-biofilm properties of bioactive 
glasses embedding organic active compounds. J Biomed Mater Res 
A. 2017;105(2):672–9. https://doi.org/10.1002/jbm.a.35934

[22]	 Nedeljkovic I, Yoshihara K, De Munck J, Teughels W, Van Meerbeek 
B, Van Landuyt KL. No evidence for the growth-stimulating effect 
of monomers on cariogenic Streptococci. Clin Oral Investig. 
2017;21(5):1861–9. https://doi.org/10.1007/s00784-016-1972-3

[23]	 Gosavi SS, Gosavi SY, Alla RK. Local and systemic effects of unpo-
lymerised monomers. Dent Res J (Isfahan). 2010;7(2):82–7.

[24]	 Lygidakis NN, Allan E, Xia W, Ashley PF, Young AM. Early polylysine 
release from dental composites and its effects on planktonic 
Streptococcus mutans growth. J Funct Biomater. 2020;11(3):53. 
https://doi.org/10.3390/jfb11030053

[25]	 Li S, Mao Y, Zhang L, Wang M, Meng J, Liu X, et al. Recent advances 
in microbial epsilon-poly-L-lysine fermentation and its diverse appli-
cations. Biotechnol Biofuels Bioprod. 2022;15(1):65. https://doi.
org/10.1186/s13068-022-02166-2

[26]	 Potiprapanpong W, Naruphontjirakul P, Khamsuk C, Channasanon S, 
Toneluck A, Tanodekaew S, et al. Assessment of mechanical/chem-
ical properties and cytotoxicity of resin-modified glass ionomer 
cements containing Sr/F-bioactive glass nanoparticles and meth-
acrylate functionalized polyacids. Int J Mol Sci. 2023;24(12):10231. 
https://doi.org/10.3390/ijms241210231

[27]	 Panpisut P, Praesuwatsilp N, Bawornworatham P, Naruphontjirakul 
P, Patntirapong S, Young AM. Assessment of physical/mechani-
cal performance of dental resin sealants containing Sr-bioactive 
glass nanoparticles and calcium phosphate. Polymers (Basel). 
2022;14(24):5436. https://doi.org/10.3390/polym14245436

[28]	 Delgado AHS, Young AM. Methacrylate peak determination and selec-
tion recommendations using ATR-FTIR to investigate polymerisation 
of dental methacrylate mixtures. PLoS One. 2021;16(6):e0252999. 
https://doi.org/10.1371/journal.pone.0252999

[29]	 Walters NJ, Xia W, Salih V, Ashley PF, Young AM. Poly(propylene 
glycol) and urethane dimethacrylates improve conversion of den-
tal composites and reveal complexity of cytocompatibility testing. 
Dent Mater. 2016;32(2):264–77. https://doi.org/10.1016/j.dental.​
2015.11.017

[30]	 Thepveera W, Potiprapanpong W, Toneluck A, Channasanon S, 
Khamsuk C, Monmaturapoj N, et al. Rheological properties, surface 
microhardness, and dentin shear bond strength of resin-modified 
glass ionomer cements containing methacrylate-functionalized 
polyacids and spherical pre-reacted glass fillers. J Funct Biomater. 
2021;12(3):42. https://doi.org/10.3390/jfb12030042

[31]	 Thanyasiri S, Naruphontjirakul P, Padunglappisit C, Mirchandani B, 
Young AM, Panpisut P. Assessment of physical/mechanical prop-
erties and cytotoxicity of dual-cured resin cements containing 
Sr-bioactive glass nanoparticles and calcium phosphate. Dent Mater 
J. 2023;42(6):806–17. https://doi.org/10.4012/dmj.2023-127

[32]	 British Standard. 10993–5: 2009 Biological evaluation of medical 
devices. In: Part 5: tests for in vitro cytotoxicity. London: BSI Standards 
Limited; 2009.

[33]	 Pagano S, Lombardo G, Balloni S, Bodo M, Cianetti S, Barbati A, 
et al. Cytotoxicity of universal dental adhesive systems: assess-
ment in vitro assays on human gingival fibroblasts. Toxicol In Vitro. 
2019;60:252–60. https://doi.org/10.1016/j.tiv.2019.06.009

[34]	 Panpisut P, Khan MA, Main K, Arshad M, Xia W, Petridis H, et al. 
Polymerization kinetics stability, volumetric changes, apatite pre-
cipitation, strontium release and fatigue of novel bone composites 
for vertebroplasty. PLoS One. 2019;14(3):e0207965. https://doi.
org/10.1371/journal.pone.0207965

[35]	 Sideridou I, Tserki V, Papanastasiou G. Effect of chemical structure 
on degree of conversion in light-cured dimethacrylate-based den-
tal resins. Biomaterials. 2002;23(8):1819–29. https://doi.org/10.1016/
S0142-9612(01)00308-8

[36]	 Elfakhri F, Alkahtani R, Li C, Khaliq J. Influence of filler characteris-
tics on the performance of dental composites: a comprehensive 
review. Ceram Int. 2022;48(19):27280–94. https://doi.org/10.1016/j.
ceramint.2022.06.314

[37]	 Moldovan M, Balazsi R, Soanca A, Roman A, Sarosi C, Prodan D, et 
al. Evaluation of the degree of conversion, residual monomers and 
mechanical properties of some light-cured dental resin compos-
ites. Materials (Basel). 2019;12(13):2109. https://doi.org/10.3390/
ma12132109

https://doi.org/10.1016/j.jdent.2020.103554
https://doi.org/10.1016/j.jdent.2020.103554
https://doi.org/10.1016/j.jdent.2020.103333
https://doi.org/10.1016/j.jdent.2020.103333
https://doi.org/10.1080/26415275.2020.1711760
https://doi.org/10.1080/26415275.2020.1711760
https://doi.org/10.1007/s00784-013-1026-z
https://doi.org/10.1016/j.heliyon.2024.e34512
https://doi.org/10.1016/j.heliyon.2024.e34512
https://doi.org/10.1016/j.jds.2020.02.004
https://doi.org/10.1016/j.jds.2020.02.004
https://doi.org/10.3390/dj10120233
https://doi.org/10.15644/asc52/4/4
https://doi.org/10.15644/asc52/4/4
https://doi.org/10.1038/s41598-022-14544-9
https://doi.org/10.1038/s41598-022-14544-9
https://doi.org/10.3390/jfb14040236
https://doi.org/10.3390/jfb14040236
https://doi.org/10.1371/journal.pone.0164653
https://doi.org/10.1371/journal.pone.0164653
https://doi.org/10.1016/j.jmbbm.2023.106039
https://doi.org/10.1016/j.jmbbm.2023.106039
https://doi.org/10.1038/s41598-022-10654-6
https://doi.org/10.1016/j.archoralbio.2020.104833
https://doi.org/10.1002/jbm.a.35934
https://doi.org/10.1007/s00784-016-1972-3
https://doi.org/10.3390/jfb11030053
https://doi.org/10.1186/s13068-022-02166-2
https://doi.org/10.1186/s13068-022-02166-2
https://doi.org/10.3390/ijms241210231
https://doi.org/10.3390/polym14245436
https://doi.org/10.1371/journal.pone.0252999
https://doi.org/10.1016/j.dental.2015.11.017
https://doi.org/10.1016/j.dental.2015.11.017
https://doi.org/10.3390/jfb12030042
https://doi.org/10.4012/dmj.2023-127
https://doi.org/10.1016/j.tiv.2019.06.009
https://doi.org/10.1371/journal.pone.0207965
https://doi.org/10.1371/journal.pone.0207965
https://doi.org/10.1016/S0142-9612(01)00308-8
https://doi.org/10.1016/S0142-9612(01)00308-8
https://doi.org/10.1016/j.ceramint.2022.06.314
https://doi.org/10.1016/j.ceramint.2022.06.314
https://doi.org/10.3390/ma12132109
https://doi.org/10.3390/ma12132109


BIOMATERIAL INVESTIGATIONS IN DENTISTRY  11

[38]	 Lugović-Mihić L, Filija E, Varga V, Premuž L, Parać E, Tomašević R, 
et al. Unwanted skin reactions to acrylates: an update. Cosmetics. 
2024;11(4):127. https://doi.org/10.3390/cosmetics11040127

[39]	 Pemberton MA, Lohmann BS. Risk assessment of residual 
monomer migrating from acrylic polymers and causing aller-
gic contact dermatitis during normal handling and use. Regul 
Toxicol Pharmacol. 2014;69(3):467–75. https://doi.org/10.1016/j.
yrtph.2014.05.013

[40]	 Cadenaro M, Antoniolli F, Codan B, Agee K, Tay FR, Dorigo Ede S, 
et al. Influence of different initiators on the degree of conversion 
of experimental adhesive blends in relation to their hydrophilicity 
and solvent content. Dent Mater. 2010;26(4):288–94. https://doi.
org/10.1016/j.dental.2009.11.078

[41]	 Borges AFS, Chase MA, Guggiari AL, Gonzalez MJ, Ribeiro ARdS, 
Pascon FM, et al. A critical review on the conversion degree of resin 
monomers by direct analyses. Braz Dent Sci. 2013;16(1):18–26. 
https://doi.org/10.14295/bds.2013.v16i1.845

[42]	 Fonseca AS, Labruna Moreira AD, de Albuquerque PP, de Menezes LR, 
Pfeifer CS, Schneider LF. Effect of monomer type on the CC degree 
of conversion, water sorption and solubility, and color stability of 
model dental composites. Dent Mater. 2017;33(4):394–401. https://
doi.org/10.1016/j.dental.2017.01.010

[43]	 Kraigsley AM, Tang K, Lippa KA, Howarter JA, Lin-Gibson S, Lin NJ. 
Effect of polymer degree of conversion on Streptococcus mutans 
biofilms. Macromol Biosci. 2012;12(12):1706–13. https://doi.
org/10.1002/mabi.201200214

[44]	 Fu SY, Feng XQ, Lauke B, Mai YW. Effects of particle size, particle/matrix 
interface adhesion and particle loading on mechanical properties of 
particulate-polymer composites. Compos B Eng. 2008;39(6):933–61. 
https://doi.org/10.1016/j.compositesb.2008.01.002

[45]	 Moghimi M, Jafarpour D, Ferooz R, Bagheri R. Protective effect of 
a nanofilled resin-based coating on wear resistance of glass iono-
mer cement restorative materials. BMC Oral Health. 2022;22(1):317. 
https://doi.org/10.1186/s12903-022-02347-3

[46]	 Nguyen LG, Kopperud HM, Øilo M. Water sorption and solubil-
ity of polyamide denture base materials. Acta Biomater Odontol 
Scand. 2017;3(1):47–52. https://doi.org/10.1080/23337931.2017.
1326009

[47]	 Ferracane JL. Hygroscopic and hydrolytic effects in dental polymer 
networks. Dent Mater. 2006;22(3):211–22. https://doi.org/10.1016/j.
dental.2005.05.005

[48]	 Aljabo A, Xia W, Liaqat S, Khan MA, Knowles JC, Ashley P, et al. 
Conversion, shrinkage, water sorption, flexural strength and mod-
ulus of re-mineralizing dental composites. Dent Mater. 2015;31(11):​
1279–89. https://doi.org/10.1016/j.dental.2015.08.149

[49]	 Luo J, Billington RW, Pearson GJ. Kinetics of fluoride release from 
glass components of glass ionomers. J Dent. 2009;37(7):495–501. 
https://doi.org/10.1016/j.jdent.2009.02.007

[50]	 Abdalla MM, Bijle MN, Abdallah NMA, Yiu CKY. Enamel remineraliza-
tion potential and antimicrobial effect of a fluoride varnish contain-
ing calcium strontium silicate. J Dent. 2023;138:104731. https://doi.
org/10.1016/j.jdent.2023.104731

[51]	 Tripathi R, Yadav JP, Pathak P, Almatarneh MH, Verma A. Chapter 
6 – polymer–drug linking through amide bonds: the chemistry 
and applications in drug delivery. In: Madan J, Baldi A, Chaudhary 
M, Chopra N, editors. Polymer-drug conjugates. Academic Press; 
London, United Kingdom: 2023. p. 147–70. 

[52]	 Alkhouri N, Xia W, Ashley PF, Young AM. Renewal MI dental com-
posite etch and seal properties. Materials (Basel). 2022;15(15):5438. 
https://doi.org/10.3390/ma15155438

https://doi.org/10.3390/cosmetics11040127
https://doi.org/10.1016/j.yrtph.2014.05.013
https://doi.org/10.1016/j.yrtph.2014.05.013
https://doi.org/10.1016/j.dental.2009.11.078
https://doi.org/10.1016/j.dental.2009.11.078
https://doi.org/10.14295/bds.2013.v16i1.845
https://doi.org/10.1016/j.dental.2017.01.010
https://doi.org/10.1016/j.dental.2017.01.010
https://doi.org/10.1002/mabi.201200214
https://doi.org/10.1002/mabi.201200214
https://doi.org/10.1016/j.compositesb.2008.01.002
https://doi.org/10.1186/s12903-022-02347-3
https://doi.org/10.1080/23337931.2017.1326009
https://doi.org/10.1080/23337931.2017.1326009
https://doi.org/10.1016/j.dental.2005.05.005
https://doi.org/10.1016/j.dental.2005.05.005
https://doi.org/10.1016/j.dental.2015.08.149
https://doi.org/10.1016/j.jdent.2009.02.007
https://doi.org/10.1016/j.jdent.2023.104731
https://doi.org/10.1016/j.jdent.2023.104731
https://doi.org/10.3390/ma15155438

