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1. Introduction

Bioactive glasses (BAG), first melt-derived in the late 1960s by 
Larry Hench, obtained good clinical results in dentistry, due to their 
properties of good bioactivity, when used to treat bone defects[1]. 
The composition of this bioactive glass was 45 wt% SiO2, 24.5 wt% 
Na2O, 24.5 wt% CaO, and 6 wt% P2O5, which was later termed as 45S5 
or Bioglass®. Recently, various researchers have incorporated BAG 
into experimental[2–5] and commercial dental resin composite ma-
terials[6]. The release of calcium and phosphate ions was used as a 
means to assist with prevention of demineralization of dentine from 
an initial caries attack. Furthermore, BAG-containing resin compos-

ites can reduce bacterial penetration into marginal gaps due to their 
ability to increase local pH, precipitate apatite on the surface, or in this 
case within the gap[7]. In addition, a novel design of resin compos-
ite-based implant containing bioactive glass has successfully been 
used for many years[8,9]. The fiber-reinforced composite implants 
loaded with bioactive glass were supported to enhance biological 
bone repair and the formation of vascularized structures, in addition 
to providing improved antimicrobial properties for implants. Chemi-
cally speaking, this type of “bioactive” action is a mineralization re-
action. At the beginning, a silica-rich layer with Si-OH groups forms 
on the surface by the exchange of Na+ and Ca2+ ions from the glass 
with surrounding H+ ions, which increases surrounding pH. Then, 
Ca2+ and PO3

4− from surrounding solution forms amorphous calcium 
phosphate (ACP, Cax(PO4)y·nH2O)[10] on the surface, which is trans-
formed into octacalcium phosphate (OCP, Ca8(HPO4)2(PO4)4·5H2O)
[10] and finally evolves into nanocrystalline carbonated hydroxyapa-
tite (CHA, Ca10−x(PO4)6−x(CO3)x(OH)2−x−2y(CO3)y) not hydroxyapatite 
(HA, Ca10(PO4)6(OH)2) in human body as bone or tooth enamel[11,12].
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Simulated body fluid (SBF) with ionic concentrations similar to 
those of human blood plasma has been widely used for the assess-
ment of so-called in vitro “bioactivity”. In Rehman’s study, the apa-
tite crystals were found on 45S5 Bioglass® disks when immersed in 
SBF[13]. However, the statement of “bioactivity” has a contradiction 
to the experiment result that, e.g. β-TCP does not always lead to apa-
tite formation in SBF despite showing extensive bonding to bone[14]. 
Therefore, the mimicry of bioactivity using SBF is still debatable. In 
addition, a previous study[15] showed the apatite could form on 70 
wt% 45S5 BAG-loaded UDMA-based resin composites after 7 days 
immersion in SBF (Fig. 1a). In particular, as shown in Figure 1b, no 
apatite formation was observed on UDMA-based resin composites 
containing 20 wt% (7.7 vol%) 45S5 BAG after 7 days immersion in 
SBF. Lu et al. showed that using SBF and K2HPO4 solution to evaluate 
in vitro bioactivity of bioactive materials was susceptible to testing 
solutions and conditions[16]. This suggested that SBF may not be a 
suitable medium for all kinds of bioactive composite materials, for 
example, in case of low content of BAG resin composite which has 
shown promising results in cell[17], animal[18] and clinical[19] stud-
ies but could not induce calcium phosphate-based mineralization in 
SBF.

Alternative immersion solutions have been proposed for the as-
sessment of formation of calcium phosphate (CaP) on bioactive ma-
terial. One study[20] used a cell culture medium, which was claimed 
to be easily prepared, when compared with a conventional SBF. In 
addition, cell culture medium was proposed to simulate an in vivo 
environment. It is worth noting that the cellular microenvironment 
plays a key role in cell proliferation and differentiation. Because dif-
ferentiation of cells does not happen, and cells can eventually die 
under the condition of high pH level[21]. Other work demonstrated 
deposition of CaP as a coating on the substrate by simple immer-
sion of specimens in Hank’s solution[22], while the study by Al-eesa 
et al., indicated that hydroxyapatite could form on BAG-resin adhe-
sive when the specimen was exposed to an artificial saliva[23]. Fur-
thermore, their research revealed that the release of Ca, P, and F to 
the surrounding solution was noticeable when the storage medium 
was acidic[5]. Thus, these studies have indicated that the different 
properties of various immersion solutions, such as the presence or 
absence of some ions that are necessary for apatite formation and 
the pH, could influence the formation of CaP. However, the morphol-
ogy and structure of the formed calcium phosphate are still worth 
studying, which play an essential role on cellular behavior[24]. In ad-
dition, the research outlined above only studied the release of Ca, 
P, and F, with few data on the release of Si from BAG-loaded resin 
composites, which plays an important role in cells activity[25] and 
thus can enhance the bioactivity[26].

Due to release of various elements, the increase in BAG loading 
could lead to excessive water exchange between the bioactive glass 
and storage solution, which will result in the loss of desired physi-
cal and mechanical properties. In fact, one study has shown that 
the compressive and flexural strength of resin composite decreased 
significantly when 30 wt% BAG was added to resin composites[27], 
whereas another study has shown that increasing the BAG content 
up to 15 wt% did not affect the flexural strength and fracture tough-
ness of the tested resin composites[28]. On the other hand, whilst a 
high content of ions or elemental release from the BAG could be ben-
eficial for the remineralization of demineralized dentine, it may have 
the unwanted consequence of destroying cell viability at the same 
time. It was shown that increasing BAG content caused a proportion-
al reduction of metabolic activity of human mesenchymal stromal 
cells due to the release of ions[29]. Therefore, to solve this potential 
problem, a low content of BAG might be useful in maintaining the 
ability to for (re)mineralization, without risking a change to the me-
chanical and physical properties and toxicity of a resin composite.

Given the inadequacy of storage in SBF to assess the CaP miner-
alization ability of resin composite containing low quantities of BAG, 
and the proposed procedure for preparing SBF solutions is long and 
tricky, a different mineralizing solution seems necessary. The aim of 
this study was to investigate the effects of Ca2+ and PO3

4− containing 
solutions on the CaP formation of resin composites containing low 
quantities of BAG fillers (0.0, 1.9, 3.8, and 7.7 vol%). The traditional SBF 
solution was used as positive control. Two of them containing bicar-
bonate were Hank’s balanced salt solution (HBSS), and a cell culture 
medium (MEM). Furthermore, a Simple HEPES-containing Artificial 
Remineralization Promotion (SHARP) solution without bicarbonate 
was formulated and used in this study. The release of various ele-
ments (Ca, P, and Si), the changes in pH, and the ability of the experi-
mental resin composites to form CaP will be explored.

2. Materials and Methods

2.1 Preparation of resin composites

Resin composite was prepared using a resin mixture of ure-
thane dimethacrylate and triethylene glycol dimethacrylate (UDMA/
TEGDMA=50:50 w/w) (Esstech, Inc., PA). The photoinitiators, includ-
ing camphorquinone (CQ) and dimethylaminoethyl methacrylate 
(DMAEMA) (Esstech, Inc., PA), were added and mixed homogenously 
into the resin mixture at 1 wt%. Control resin composite was pre-
pared by mixing the resin matrix with 25 vol% (~65wt%) of commer-
cial silanized dental glass filler (DF11, D50=0.7μm, density 2.5-2.6 g/
cm3, Cera Dynamics Ltd, England). DF11 contains 72 wt% SiO2-Al2O3-
B2O3, 25 wt% BaO, 2 wt% F, and 1 wt% unknown component, which 
is not mentioned in the composition. For the experimental compos-
ites, three quantities of the BAG fillers were used, namely, 1.9, 3.8 or 
7.7 vol% of 45S5 bioactive glass (BAG, D50=4μm, density 2.5-5.6 g/
cm3, Schott® Vitryxx®, Germany). The different filler contents were 
loaded into the matrix resin and contributed to the total filler load 
with same dental glass filler up to 25 vol% (~65 wt%) as the control 
composite. All constituents were placed inside a glass beaker, which 
was covered with aluminum foil to protect the resin composites from 
ambient light, and then hand-mixed homogenously with a spatula 
for 5 mins. The aluminum foil covered syringes were used to store 
well mixed resin composites and stored in fridge at 4°C. Each resin 
composite was placed into a Teflon mold (inner diameter=6.0 mm, 
thickness=1.0 mm), covered with a glass slide, then photo-cured us-
ing an LED curing light with an output of 1100 mW/cm2 (Bluephase® 
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Fig. 1.  SEM images of resin composites containing (a) 70 wt% BAG (Repro-
duced with permission[15]) and (b) 20 wt% BAG (7.7 vol%) after 7 days of im-
mersion in SBF.
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Style Curing Light, Ivoclar Vivadent, Lichtenstein) for 40s, and stored 
in a dry, dark environment at room temperature for 1 day before ex-
periments.

2.2 Surface static water contact angles of resin composites

The static sessile drop contact angle was measured by dropping 
5.0 μL of deionized water on the surface of the as cured resin com-
posites using an auto-pipette. Immediately after placing the drop on 
the surface, pictures of each drop were captured and analyzed using 
a goniometer approach[30,31]. Measurements were obtained in trip-
licate for each sample (n=4 per group).

2.3 The distribution of BAG fillers in resin composites

Since the commercial dental glass filler does not contain calci-
um, Ca elemental mapping using X-ray energy dispersive spectros-
copy (EDX, SU1510, Hitachi, High-Technologies Corporation, Tokyo, 
Japan) was applied on EDX images (127×95 μm2) at ×1000 to analyze 
the distribution of BAG fillers in the experimental composites. The 
area ratios of BAG fillers to resin composites were assessed by using 
image analysis software (ImageJ, NIH, Bethesda, MD, USA). Three 
fields from each sample were analyzed by firstly subtracting the area 
ratios of the group without BAG fillers from the area ratios of all other 
1.9 vol%, 3.8 vol%, and 7.7 vol% BAG loaded resin composites, and 
then averaging the results. The linear regression was conducted to 
analyze the relationship between the area ratio and contents of BAG 
fillers using Graphpad Prism 9.

2.4 Immersion of resin composites in different solutions

Five immersion solutions, including simulated body fluid (SBF), 
Hank’s balanced salt solution (HBSS), cell culture media (MEM), a Sim-
ple HEPES-containing Artificial Remineralization Promotion (SHARP) 
solution, and deionized water (DI water), were used in this study 
(Table 1). The SBF with a composition of 137 mmol/L NaCl, 3 mmol/L 
KCl, 1.5 mmol/L MgCl2·6H2O, 1 mmol/L K2HPO4·3H2O, 3mmol/L CaCl2, 
0.5mmol/L Na2SO4, 4 mmol/L NaHCO3, 51 mmol/L and pH of 7.4 was 
prepared carefully following formulations and protocols mentioned 
by Kokubo et al.[32]. HBSS (Gibco, Thermo Fisher Scientific, USA) con-
sisted of 1.26 mmol/L CaCl2, 0.49 mmol/L MgCl2·6H2O, 0.41 mmol/L 

MgSO4·7H2O, 5.37 mmol/L KCl, 0.44 mmol/L KH2PO4, 4.17 mmol/L 
NaHCO3, 136.89 mmol/L NaCl and 0.34 mmol/L Na2HPO4 (pH range: 
6.7-7.8). MEM was prepared by mixing Eagle’s minimum essential 
medium with 10% fetal bovine serum (Gibco, Thermo Fisher Scien-
tific, USA). SHARP solution used in this study was prepared by mix-
ing 1.50 mmol/L CaCl2, 50.00 mmol/L KCl, 0.90 mmol/L KH2PO4 and 
20.00 mmol/L HEPES (pH 7.4). Each resin composite specimen (n=3) 
was stored in 5 mL of each solution in Corning® 15 mL polypropylene 
conical falcon centrifuge tubes. No solution change was performed 
during the immersion period. After 3, 7, and 14 days, all specimens 
(respectively named with suffix 3d, 7d, and 14d) were thoroughly 
rinsed with deionized water and dried at room temperature.

2.4.1 Elemental release analysis

In order to understand the reaction of BAG-loaded resin com-
posites in different immersion solutions, the elemental releases of 
Ca, P, and Si as a function of immersion time were measured by in-
ductively coupled plasma-optical emission spectrometry (ICP-OES) 
(Spectro Arcos, SPECTRO Analytical Instruments GmbH, Boschstr, 
Kleve, Germany). After 3, 7, and 14 days, 4mL of each storage solu-
tion were sucked into ICE-OES directly from falcon centrifuge tube 
of each group with a hyphenated autosampler (Cetac ASX 520, USA). 
Before measurement, the instrument was calibrated using calcium 
standard, phosphorous standard, and silicon standard solutions (Sig-
ma-Aldrich, USA), which were diluted to prepare a set of diluted stan-
dards. The standard curves were obtained by plotting the intensity 
(counts) for each standard vs. its concentration in mg/L. The concen-
tration of each unknown sample was calculated form the standard 
curves. The measurements were triplicated.

2.4.2 pH measurement

A pH meter (Oakton Ion 2700 Benchtop Meter, USA) with pH 
probe (Oakton wd-35805–04, USA) was calibrated before each mea-
surement. Buffer with pH values of 4.01, 7.00 and 10.01 were used for 
the calibration. Then, the pH values of the different storage solutions 
were measured after 3, 7, and 14 days. The measurements were trip-
licated on each sample.

2.4.3 Surface characterization analysis

After 3, 7, and 14 days of immersion, samples were washed with 
deionized water and dried at room temperature before surface char-
acterization analysis. The surface morphology of the specimens was 
analyzed by scanning electron microscopy (SEM) (SU1510, Hitachi, 
High-Technologies Corporation, Tokyo, Japan) with Platinum/palla-
dium (Pt/Pd) sputter coating. ImageJ software was used to analyze 
the sizes of the formed calcium phosphate on the specimens. The 
chemical elements of the surface of samples were characterized by 
X-ray photoelectron spectroscopy (XPS) (Kratos Axis Ultra DLD) us-
ing monochromatic Al Kα radiation operating at 150 watts, with a 
base pressure of 10−9 Pa. Hybrid Image was used and data sets were 
acquired in parallel using a hemispherical mirror analyzer, with a 
microchannel plate and delay line detector. An X-ray diffractom-
eter (XRD) (Rigaku SmartLab 9 kW, Japan) was used in conjunction 
with a copper x-ray source to scan the surface of specimens with a 
scanning step of 0.02°, scanning speed of 0.1 s/step, and a scanning 
range of 10-60°. The collected spectra were analyzed using JADE8 
software (Materials Data Inc., JADE, Livermore, CA). The structural 
aspects of the calcium phosphate were determined by attenuated 
total reflectance-fourier transform infrared spectroscopy (ATR-FTIR) 
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Table 1.  The composition and its concentration (in mM) of SBF, HBSS, MEM 
and SHARP solution

Composition SBF HBSS MEM SHARP solution

CaCl2 3 1.26 1.80 1.5

KH2PO4 - 0.44 - 0.9

K2HPO4 1 - - -

NaH2PO4 - - 1.01 -

Na2HPO4 - 0.34 - -

KCl 3 5.37 5.33 50

NaCl 137 136.89 117.24 -

MgCl2 1.5 0.49 - -

MgSO4 - 0.41 0.81 -

Na2SO4 0.5 - - -

NaHCO3 4 4.17 26 -

Tris 51 - - -

HEPES - - - 20

pH 7.4 6.7-7.8 7.0-7.4 7.4
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(PerkinElmer FT-IR Spectrometer Spectrum Two, USA). Spectra were 
obtained in the wavenumber range from 400−1 to 1600 cm−1 with a 
resolution of 2 cm−1 and scan times of 64.

2.5 Statistical analysis

Data were statistically analyzed by SPSS (V13, Chicago, IL, USA). 
After checking the data normality and homogeneity of variance, 
one-way ANOVA with a Bonferroni post hoc test analyzed the differ-
ence among different groups. P < 0.05 was considered to be statisti-
cally significant.

3. Results

3.1 Surface static water contact angles

The contact angles of water on the resin composites are shown 
in Figure 2a. The results showed that a decrease in contact angle 
was associated with a significant increase of BAG contents (p < 0.05). 
It indicated that the resin composite containing a higher amount of 
BAG showed an increase in the hydrophilic properties of the surface. 
The composite containing 7.7 vol% BAG showed the greatest hydro-
philicity as shown by the lowest contact angle (34.0°), while the con-
trol group without BAG filler had the greatest contact angle of 57.5°.

3.2 The distribution of BAG fillers in resin composites

The distribution of BAG fillers in resin composites was deter-
mined by using elemental mapping for Ca. As shown in Figure 2b, 
BAG fillers were evenly distributed throughout the experimental 
resin composite, while the area ratio of BAG to resin composites was 
proportional to the BAG content (R2=0.9997), such that:

	 Ca area ratio = 2.955 × BAG vol% + 4.799

The 1.9 vol% BAG-filled composite had the lowest area ratio 
(10.3%), while composite containing 7.7 vol% BAG showed the high-
est area ratio (27.5%) among all groups.

3.3 Elemental release

The cumulative Ca and P releases are shown in Figure 3. The 
graphs showed that the concentration of Ca and P in the immersion 
solutions decreased with time for HBSS, MEM, and SHARP solution. 

This was especially the case for the composites containing 3.8 and 
7.7 vol% BAG. In DI water and SBF, no obvious change of Ca and P 
concentration was observed. All resin composites released Si into 
the immersion solutions except for SBF, which showing unchanged 
Si concentration. Furthermore, the release of Si was more evident for 
the higher BAG loading and DI water.

3.4 pH changes

pH results (Fig. 4) showed that the pH of DI water, SBF, HBSS, 
and MEM increased with immersion time regardless of the amount of 
BAG. A noticeable pH increase was observed with an increase of BAG 
loading when stored in DI water. The BAG loading did not seem to 
have a significant effect on pH change in HBSS and MEM. In contrast, 
the pH of SHARP solution remained constant at 7.4 over the 14 days 
of the experiment.

3.5 Surface characterization

The surface morphology of the resin composites after 14 days 
immersion in the different solutions is shown in Figure 5. There was 
no CaP formation on any of the resin composites stored in DI water 
and SBF. The control and 1.9 vol% BAG-loaded composite showed 
smooth surfaces no matter stored in any of the immersion solutions. 
A tightly packed CaP layer was mainly found on those composites 
containing 3.8 and 7.7 vol% BAG when immersed in HBSS or MEM. 
The greater the BAG content, the denser was the CaP layer on the 
surface. Some single and clustered spherical-shaped particles about 
500-600 nm in diameter were observed on the surface of the speci-
mens immersed in HBSS, while the size of particles on specimens in 
MEM was 300-400 nm. When immersed in the SHARP solution, mi-
crospheres self-assembled by nano-sized rods with a width of 100 
nm and a length of 8 µm were found only on the 7.7 vol% BAG com-
posite.

In order to explore the changes in surface morphology with 
time, SEM images of 7.7 vol% BAG-loaded composites immersing in 
different solutions over time are shown in Figure 6. There was no 
CaP formation on the specimens after immersion in DI water and SBF 
over time. Newly formed CaP layer composed of packed spherical 
particles was found after a relatively short immersion period in HBSS 
and MEM (3 and 7 days). After 14 days immersion, the layer became 
denser. However, the particle size of calcium phosphate remained 
unchanged. In contrast, single nanorods with the width of 100 nm 
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Fig. 2.  (a) Static contact angles of water on the experimental composites and (b) area ratios of BAG fillers (via EDX of 
Ca element) to different BAG vol% of resin composites. (Different small letters indicate significant differences between 
groups)
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and the length about 0.8 µm were found on the resin composites 
after 3 days of immersion in SHARP solution. The urchin-like micro-
spheres became visibly larger as the immersion time in SHARP solu-
tion increased.

XPS measurements were performed to gain an insight into the 
elemental composition and its atomic concentration in CaP coating 
on resin composites (Fig. 7). Peak lines corresponding to Ca2p (347.4 
eV) and P2p (133.0 eV) were clearly present on resin composites after 
14 days of immersion in HBSS (3.8 vol% and 7.7 vol% BAG), SHARP 
solution (7.7 vol% BAG), and MEM (7.7 vol% BAG), which confirmed 
the formation of calcium phosphate. The atomic concentrations of 
calcium (Ca), phosphorous (P), oxygen (O), and Ca/P atomic ratios 
of the as-deposited Ca/P coatings were reported in Table 2. The 
atomic concentrations of Ca and P on 7.7 vol% BAG-resin composite 
in SHARP solution were 11.54% and 8.02%, respectively, which were 
the highest among all groups, and corresponding to atomic Ca/P ra-
tios 1.44, i.e. a carbonated-containing hydroxyapatite[33]. For the 3.8 
vol% BAG-resin composites in HBSS, and 7.7 vol% BAG-resin compos-
ites in HBSS and MEM, the atomic Ca/P ratios were respectively 1.18, 

1.31, and 1.39, representing OCP or α/β-tricalcium phosphates[33,34].

XRD was used to better identify the phase of calcium phosphate 
formed on the composite surfaces. As can be seen in Figure 8a, the 
XRD spectra of the calcium phosphate formed on resin composites 
stored in SHARP solution showed specific peaks at 2θ = 25.9°, 28.1°, 
31.7°, 32.9°, 34.0°, 46.7°, 49.5°, and 53.2°, which were assigned to the 
(002), (102), (211), (300), (202), (222), (213), and (004) planes of HA, re-
spectively, according to ICDD PDF card number 09-0432. After im-
mersion in HBSS and MEM, the primary phase of calcium phosphate 
showing specific peaks at 2θ = 24.4° and 29.3°, was identified as (220) 
and (-312) planes of octacalcium phosphate (OCP), when compared 
with ICDD PDF card number 44-0778. Furthermore, no specific peak 
was found in spectra of 7.7 vol% BAG group after 3 days immersion 
(Fig. 9a), except for specimens stored in SHARP solution, which 
showed (220) planes at 24.4°. This indicates that calcium phosphate 
crystallized from OCP to HA well over time.

Additional FTIR spectra were shown in Figures 8b and 9b. The 
most intense bands observed at 558 cm−1 and 1000–1100 cm−1, which 
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Fig. 3.  Changes of Ca, P, and Si elemental concentration in DI water, SBF, HBSS, MEM, and SHARP solution as a function of immersion time.

Fig. 4.  pH changes of DI water, SBF, HBSS, MEM, and SHARP solution as a function of immersion time.
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correspond to ν4 and ν3 bands of P−O stretching mode, indicated the 
presence of PO4

3− group. Furthermore, characteristic peaks at 875 
cm−1 and 959 cm−1 were found after 14 days immersion in HBSS for 
3.8 and 7.7 vol% BAG-resin composites, and 14 days immersion in 
MEM for the 7.7 vol% BAG-resin composites. This indicated the pres-
ence of HPO4

2− in the crystal. In contrast, after 14 days immersion 
of 7.7 vol% BAG-resin composites in SHARP solution, the bands de-
tected at 1460 cm−1, 1420 cm−1, as shown in the zooming patterns, 
and peaks at 875 cm–1 indicated the presence of the CO3

2− group of 
B-type carbonated apatite, where PO4

3− groups were substituted by 
CO3

2−. Additional peaks at 603 cm−1 and 1095 cm−1 were attributed 
to ν4 and ν3 stretching PO4

3− vibration respectively. Figure 9b also 
showed the presence of those specific peaks even after a relatively 
short immersion period (3 and 7 days) for resin composites contain-
ing high contents of BAG (7.7 vol% BAG). In addition, CO3

2− group of 
B-type carbonated apatite was also present in spectra of resin com-
posites after 7 days of immersion in SHARP solution.

4. Discussion

4.1 Elemental release and pH change

Technically speaking, Al-eesa et al.[23] have used a similar sensi-
tive analytical technique (ICP-OES) that this study also used, which 
indeed cannot distinguish whether the analyte being sampled is in 
ion or small particle form. Hence, we are conservative and cautiously 
in mentioning “elemental release” not the “ion release” throughout 
the current study. In this study, low content BAG-resin composites 

have shown various behaviors of elemental release and pH change 
when immersed in different solutions over 14 days (Figs. 3 and 4). In 
DI water, SBF, HBSS, and MEM, pH increased with time. This indicated 
that the Ca in the BAG fillers was exchanged with surrounding H+ re-
sulting in an increase of pH of storage solution. Notably, the increase 
of pH was slight in the Tris-buffered SBF, and no obvious change of 
elemental concentration was found due to the buffering effect of the 
Tris[5]. Furthermore, the evaluated pH in DI water was more evident 
for the composites containing greatest loading of BAG. This finding 
could be explained by the fact that the higher BAG-loading created 
an increase in the surface hydrophilicity (Fig. 2a) that was believed 
to improve the water sorption at the surface and into the body of the 
composite. This would accelerate the exchange of ions from the BAG 
fillers with surrounding H+. Similarly, Mehdawi et al. study showed 
that the early water sorption into resin composites was proportion-
al to the BAG content, which induced ion release for remineraliza-
tion[35]. On the contrary, when stored in SHARP solution, the pH of 
the immersion solution remained unchanged due to the presence 
of HEPES.

4.2 Calcium phosphate (CaP) formation in the different immersion solu-
tions

In the case of DI water and SBF, no distinctive precipitation layer 
was found even on 7.7 vol% BAG-loaded composite (Fig. 5). How-
ever, using another solution (e.g. Tris buffer) without Ca2+ and PO3

4−, 
Al-eesa et al. have shown apatite deposition on the BAG-composites 
after only six hours immersion[23]. It should be noticed that their 

J. Yun,  et al. / J Prosthodont Res. 2022; **(**): ****–****

Fig. 5.  Representative SEM images of resin composites containing different BAG contents after 14 days of immersion in DI water, SBF, HBSS, MEM, and SHARP 
solution, with arrows showing a tightly packed CaP layer composed of nano-sized spheres in HBSS (500-600 nm) and MEM (300-400 nm), and micro-sized 
urchin-like spheres of CaP in SHARP solution with a width of 100 nm and a length of 8 µm.
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composites contained 80 wt% BAG as fillers, which was much higher 
than 0.0-7.7 vol% (0-20 wt%) used in the current study. Furthermore, 
apatite was also formed on 70 wt% 45S5 BAG-loaded resin compos-
ites[15]. Thus, the difference in the contents of BAG fillers may result 
in the variations in these two research outcomes. Furthermore, Al-
eesa et al. also reported that there was a reactive layer existing on the 
surface of the BAG-resin disks after Tris buffer immersion due to the 
exchange of ions from the BAG fillers with the storage solution. Since 
the current study only showed the little release of calcium and phos-
phorus into DI water from the BAG-filled composites tested, there 
seems no supersaturation in the surrounding solution that might 

lead to the formation of calcium phosphates. Furthermore, no obvi-
ous release of Ca2+ and PO3

4− into SBF which cause no formed apa-
tite on all resin composites. It can be inferred that calcium phosphate 
would form when the BAG content was increased as well as prolong-
ing the immersion time[23]. The lack of bond between the BAG and 
the resin matrix would cause the mechanical alteration observed in 
resin materials. The previous study demonstrated that 30 wt% BAG 
loading led to a lowering of the compressive and flexural strength of 
the test resin composites[27]. This is why 7.7 vol% (~20 wt%) BAG was 
chosen as the highest filler loading in the current study. In addition, 
various studies[23,27] have used weight % instead of volume % for 
the filler content, which is indeed a tendency for an advertisement 
to “misdirect” the buyer, e.g. dentist, about “the higher the better” 
information[36]. Cautious should be taken in interpreting the infor-
mation.

It can be seen from the Figure 5 that when the resin composites 
were loaded with greater amounts of BAG there was greater forma-
tion of CaP after immersion in HBSS, MEM, and SHARP solution. In-

J. Yun,  et al. / J Prosthodont Res. 2022; **(**): ****–****

Fig. 6.  Representative SEM images of 7.7 vol% BAG-loaded resin composites after immersion in DI water, SBF, HBSS, MEM, and SHARP solution for 3, 7, and 14 
days, with arrow showing nanorod.

Fig. 7.  XPS survey spectra of resin composites containing different BAG con-
tents before and after 14 days immersion respectively in HBSS, MEM, and 
SHARP solution.

Table 2.  Atomic concentration of Ca, P, and O and Ca/P on resin composites 
containing different BAG contents after 14 days immersion in HBSS, MEM, and 
SHARP solution

Samples
% Atomic concentration

Ca2p P2p O1s Atomic 
Ca/P

3.3 vol% BAG  
(without immersion) 0.00 0.00 23.35 -

7.8 vol% BAG  
(without immersion) 0.16 0.00 24.89 -

3.8 vol% BAG in HBSS 6.72 5.70 33.82 1.18

7.7 vol% BAG in HBSS 7.2 5.49 34.65 1.31

7.7 vol% BAG in MEM 5.58 4.01 32.11 1.39

7.7 vol% BAG in SHARP 11.54 8.02 39.89 1.44
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deed, the greater area of BAG fillers on the composite surface could 
provide more nucleation sites to promote the growth of calcium 
phosphate crystals (Fig. 2b). This is consistent with Al-eesa et al. study 
which has demonstrated that apatite was found on the surface with 
a higher Ca content due to the concentration gradient[23]. This can 
be explained by the increase of pH in surrounding solutions at the 
initial stage, which was more evident for higher BAG contents (Fig. 
4). The ionic activity and the supersaturation of the solution in the 
region near the surface of resin composites increased. As a result, a 
calcium phosphate nucleated on the resin composites. Furthermore, 
more calcium phosphate formed as the immersion time increased 
(Fig. 6). As for immersion in HBSS and MEM, a homogeneous crystal 
layer was produced on 7.7 vol% BAG-resin composites even after a 
relatively short immersion time (3 day) and became denser without 
obvious changes of particle sizes. On the contrary, single nanorods 
with short length of about 0.8 µm were seen after immersion in 
SHARP solution at the beginning (3 day). With prolonged immersion 
time, these single nanorods self-assembled into two-dimensional 
crystals. As a result, urchin-like microspheres consisting of nanorods 
with a width of 100 nm and a length of 8 µm were formed on the 
surface of resin composites.

In addition to the different morphologies, the compositions of 
calcium phosphate formed on resin composites in different immer-
sion solutions could be distinguished. As shown in XPS spectra, peaks 
attributed to calcium and phosphate were present (Fig. 7). The bind-
ing energies of these peaks were consistent with the reported XPS 
binding energies for Ca2p and P2p in calcium phosphates[33,34]. 
In particular, the atomic Ca/P ratio of the CaP coating on 7.7 vol% 
BAG-resin composite immersed in SHARP solution for 14 days is 1.44, 
which was a carbonate containing hydroxyapatite[33], consistent 
with the current XRD and FTIR results. For the BAG-resin composites 
immersed in HBSS and MEM, the XPS results can only identify the 
deposited CaP as OCP or α/β-TCPs[33,34]. Indeed, it is difficult to dif-
ferentiate calcium phosphate phases based on XPS binding energies 
alone, since the binding energies for calcium and phosphorous ele-
ments do not shift significantly among different calcium phosphate 
compounds. Thus, the composition of CaP precipitates was analyzed 
using XRD and FTIR (Figs. 8 and 9), and finally confirmed that the 
calcium phosphate crystals on resin composites in HBSS and MEM 
were OCP, particularly showing specific peaks at the 875 cm−1 and 
959 cm−1 assigned to the HPO4

2− group in the FTIR spectra[22]. This 
group is present in OCP, but absent in HA[27]. XRD spectrum of 7.7 
vol% BAG specimens stored in SHARP for 14days had the strongest 

J. Yun,  et al. / J Prosthodont Res. 2022; **(**): ****–****

Fig. 8.  (a) XRD patterns and (b) FTIR spectra of resin composites containing different BAG contents after 14 days of immersion in HBSS, MEM, and SHARP solu-
tion (The zooming patterns between 1500 and 1200 cm−1 for 7.7 vol% BAG in SHARP solution was shown in the bottom right corner).

Fig. 9.  (a) XRD patterns and (b) FTIR spectra of 7.7 vol% BAG-loaded resin composites after 3, 7, and 14 days of immersion in HBSS, MEM, and SHARP solution 
(The zooming patterns between 1500 and 1200 cm−1 for 7.7 vol% BAG-composites after 7 and 14 days of immersion in SHARP solutions were shown in the 
bottom right corner). NB. Carbonated hydroxyapatite was observed only after 7 and 14 days of SHARP solution storage.
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peak intensity for the (002) reflection at 25.9°, which was consistent 
with Frank et al.[37]. This implied that the c-axis preferred orientation 
of the deposited crystals was (002) plane, despite the standard pat-
tern of HA (ICDD 09-0432) showing the strongest peak (211) at 31.7°. It 
is worth to notice that the Ca/P ratio reported by XPS is in atomic ra-
tio, which is not the same with the reported Ca/P ratio of 1.67 which 
is in molar ratio. Furthermore, as shown in Figure 9a, the diffraction 
peaks were high and narrow after longer immersion time, implying 
that calcium phosphate crystallized well over time. However, the 
peak showed at 24.4° may indicate that the initial formed calcium 
phosphate was OCP after 3 days immersion in SHARP solution, which 
could crystallize into CHA as time prolonged to 7 or 14 days.

The above results showed that SHARP solution was a favorable 
medium for carbonated hydroxyapatite deposition on the experi-
mental BAG-resin composites, which resembled to the biological 
apatite[38,39]. However, if the study required mineralization of OCP 
on the surfaces, HBSS and MEM would be usable. Theoretically, the 
difference in the composition of CaP was thought to be mainly due 
to the composition of immersion solutions. MEM and HBSS contains 
bicarbonate (HCO3

−), which can buffer atmospheric CO2 via the fol-
lowing equation by Le Chatelier’s Principle:

	 CO2 (g) + H2O (l) ⇆ H2CO3 (aq) ⇆ H+ (aq) + HCO3
− (aq)

As seen in Figure 4, the measured pH was increased to near to 
8.5 from the original 7.4 and 8.0 for MEM and HBSS, respectively. This 
indicated that there was a decrease of H+ concentration in surround-
ing solutions and the equilibrium was shifting to the left, which led 
to the decrease of concentration of HCO3

− in surrounding solutions. 
Therefore, no CO3

2− would be incorporated into calcium phosphate 
when immersing resin composites in HBSS and MEM. On the con-
trary, in some biological experiments that used MEM and HBSS[40], a 
CO2 incubator which could supply a higher concentration of CO2 was 
required so as to let more CO2 dissolve in the solutions. Thus, more 
carbonic acid was generated, and surrounding pH could be kept. 
Moreover, MEM used in this study contained several enzymes, such 
as alkaline phosphatase. Previous study suggested that this enzyme 
may slow down the formation of HA[41] and stabilize the minerals in 
the precursor phases, such as ACP or OCP. However, HEPES in SHARP 
solution could keep the pH stable at 7.4 as seen from Figure 4. At the 
initial stage, there should be an increase of pH due to the exchange 
of Ca2+ or Na+ from BAG with surrounding H+. When the atmospheric 
CO2 was dissolved in the SHARP immersion solution, the equilibrium 
was shifting to the right generating H+ and HCO3

− in surrounding 
solution. The H+ was either neutralized with the increased OH− or 
buffered by HEPES. As a result, pH in surrounding solutions could be 
kept stable and more HCO3

− was generated, which allowed CO3
2− in-

corporated into mineralization process[42,43]. Nonetheless, there is 
a need for the future study in the specific mechanism of OCP and 
carbonate-containing HA formation in these solutions.

5. Conclusion

This study concluded the SBF maybe not suitable for biomimetic 
evaluations of mineralization particularly for resin composites con-
taining low quantities of bioactive glass (BAG). The SHARP solution 
can induce the controlled growth of urchin-like CHA microspheres 
self-assembled by nanorods for BAG-containing resin composite 
over time. Other solutions (HBSS and MEM) can deposit nano-sized 
OCP particles on the resin composites only.
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