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Bioresorption and Biomineralization of S53P4 Bioactive Glass in
Neutral Tris Buffer and Citric Acid Solution
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ABSTRACT: In this study, SS3P4 (538i0,—23Na,0—20CaO—
4P,0;) bioactive glass (BG) were prepared through a melt-milling
process, and their bioresorption and biomineralization behavior was
evaluated by in vitro dissolution under different solution conditions
(neutral and acidic). The particle size of SS3P4 BG was controlled by
milling, and the in vitro dissolution evaluation was performed in tris
buffer and citric acid solution for 21 days at 37 °C according to ISO
10993-14 (biological evaluation of medical devices). During
dissolution, the ion release rate of S53P4 BG was confirmed to be
three times faster in citric acid solution than that in tris buffer. Among
them, the ion concentration of calcium and phosphorus initially
increased and then gradually decreased, which is due to the 0
biomineralization process. This process formed a new layer of particles

on the surface of S53P4 BG, which was identified as a calcium-phosphate-based compound by X-ray diffraction analysis.
Furthermore, the thickness of the layer was observed to be 273 nm in tris buffer and 34 nm in citric acid solution by focused-ion
beam scanning electron microscopy, and the morphology of the particles comprising this layer was observed to be thicker and longer
in tris buffer than that in citric acid solution. This difference is due to the citrate present in the citric acid solution interacting with
the released calcium ions and inhibiting the formation of a new layer. Thus, the ion release of S53P4 BG was faster in citric acid
solution than that in tris buffer, but the biomineralization process to form the calcium phosphate-based compound was more
effective in tris buffer.
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1. INTRODUCTION

Bioactive glasses (BGs) are specialized glass biomaterials that

various products such as PerioGlas, NovaBone, and BonA-
live.'™1 Among these, several studies have shown that S53P4

actively interact with tissues in vivo, and unlike ordinary glass,
these materials have the ability to biodegrade, increase adhesion
to tissues, and promote bone growth. These abilities are
controlled by the various components included in BG. In
particular, the biodegradation can be finely controlled by
adjusting the SiO, content among the components of BG, which
allows for precise control of the dissolution rate. This solves the
problem of low solubility of biomaterials such as hydroxyapatite,
a well-known artificial bone graft material.'~* Unlike typical
biomaterials, BGs can be further expanded in versatility by
controlling and adding composition. Thus, these properties
provide conditions under which they can be tailored to meet the
needs of a specific medical environment or patient.”~’ This
indicates that BGs have significant potential in various fields
such as bone regeneration, dental implants, tissue engineering,
and medical device development.®™""'

Discovered in the 1960s, 45SS BG is composed of four
components (SiO,: 45 wt %, Na,O: 24.5 wt %, CaO: 24.5 wt %,
and P,O5: 6 wt %),">”"° and in the 1990s, $53P4 BG (SiO,: 53
wt %, Na,O: 23 wt %, CaO: 20 wt %, and P,Oq: 4 wt %) with
enhanced antimicrobial properties was reported, resulting in
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BG provides superior antimicrobial properties and inhibits
bacterial growth in vivo compared to that of 45S5 BG.”>*" This
is because the high silica content of S53P4 BG enhances its
water—glass properties, and the exchange of alkali and alkaline
earth jons on the BG surface with hydrogen ions in the
surrounding solution occurs more rapidly. In addition, the
mechanical properties of S53P4 are predicted to be superior to
those of 45SS due to the reduced Ca and P components and
increased silica content, which are the main components of
hydroxyapatite with lower mechanical properties. This can often
be linked to cement and ceramic applications, such as
construction, where research is being carried out to increase
mechanical strength through silica.””
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Figure 1. Schematic diagram of the preparation of S53P4 BG using the melt-milling process and the mechanism of in vitro dissolution evaluation of

these BGs.

BG is currently prepared using two methods: melt-quenching
and sol—gel. The melt-quenching method is a traditional and
simple method in which glass precursors, such as oxides or
carbonates, are mixed, homogenized, and melted at 1300—1500
°C to form glass. BG prepared through the melt-quenching
method has the advantage of conferring high density and the
absence of residual organic components or water. However, they
come with limitations, such as challenges in mass production, a
low-surface area, and being bioinert when the SiO, content
exceeds 60 mol %.”** This limitation is because BGs prepared
through the melt-quenching method have a low-surface area,
even with the increasing content of SiO,. Low-surface area
makes it difficult for cells to adhere and grow for bioactivity. In
the sol—gel method, an aqueous solution of a precursor
(alkoxide and/or metal salt) is stirred, hydrolyzed, and
condensed to produce a clear sol. This solution is then dried,
aged for an extended period of time, and calcined to obtain
glassy granules or monolithic forms. This method offers the
advantage of occurring at low temperatures, conferring a high
specific surface area and nanoporosity, and being able to
accommodate a wider range of SiO, up to 90 mol %.°~*" In
addition, these BGs have a nanosized particle size and are highly
homogeneous. This provides a uniform surface area for
interaction with cells and is bioactive even with a high SiO,
content. However, currently, only silica-based BG prepared
using the melt quenching method have been clinically applied
and commercialized.”**’

BG has a chemical composition similar to that of minerals
found in the body, which enhances their interaction with bone
and tissue, thereby more effectively supporting the process of
bone tissue formation and regeneration. In addition, the surface
of BG possesses characteristics that promote cell adhesion and
growth, resulting in more natural tissue regeneration.30_33
These properties are achieved through ion release and
mineralization. Ion release refers to the breakdown and
absorption of a material or tissue in vivo, typically occurring
simultaneously with the formation of replacement tissue. Ion
release also plays an important role in the bone regeneration
process, especially in the case of implants or bone regeneration,
where the degradation of materials is coupled with the formation
of natural bone tissue.>* Following ion release, mineralization
occurs as a process involving the creation of minerals and the
formation of tissues in vivo. In vivo, mineralization is important
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for various biological functions, with minerals, primarily calcium
and phosphorus, being produced, a phenomenon crucial for
functions such as the formation of tissues such as teeth and
bones.*® Through this process, a hydroxyapatite layer is formed
on the surface of BG, promoting bone formation and
regene1‘ation.36_38

BG’s in vitro dissolution studies are of great interest because
they can easily identify the prior physicochemical processes that
occur to form bone in vivo. This suggests that the dissolution
behavior of the material, such as ion release, precipitation, and
ionic changes, that occur when BG is eluted, is very important.
Therefore, the in vitro dissolution process of BG has been
confirmed in many studies in various environments such as
phosphate buffered saline®” and simulated body fluid.*"*'
However, in vitro dissolution evaluation in neutral solutions
such as phosphate-buffered saline and simulated body fluid is
time-consuming to confirm the ability of BG. In addition, it is
difficult to determine the inherent ability of BG because the
phosphate buffered saline and simulated body fluid include a
component (phosphate) that can react rapidly with calcium
(one of the components of BG). Therefore, according to ISO
10993-14 (biological evaluation of medical devices for ceramic),
two dissolution evaluation methods were proposed: tris buffer
solution, a common environment for screening materials, and
citric acid solution, a rapidly eluting environment.”” This
method evaluates the BG ability in a short time because there are
no components in the solution that can directly react with the
dissolution products of BG.

In this work, S53P4 BG was prepared through a melt-milling
process and subsequently evaluated for in vitro dissolution in tris
buffer solution and citric acid solution using ion release and
mineralization (Figure 1). Characterization of S53P4 BG was
confirmed by composition, morphology, particle size, mechan-
ical strength, and cell viability. The mechanical strength of
S53P4 BG increased with a smaller average particle size.
Therefore, we performed an in vitro dissolution evaluation of
S53P4 BG with a controlled particle size of 9 ym in tris buffer
and citric acid solution according to ISO 10993-14. During the
dissolution of S53P4 BG in tris buffer and citric acid solutions,
new particles were identified that were rod-shaped but of
different lengths, all of which were layered. These layers
appeared thicker in tris buffer than that in citric acid solution and
were identified as calcium phosphate-based compound as a
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Figure 2. (a) FE-SEM images and particle size distribution of SS3P4 BG at average particle sizes of 80 (top), 30 (middle), and 9 um (bottom), (b)
ICP-OES results, (c) XRD patterns, (d) cell viability results of SS3P4 BG at an average particle size of 9 ym, (e) stress—strain curves and compressive

strength of S53P4 BG at average particle sizes of 80, 30, and 9 ym.

result of a mineralization process. This difference was attributed
to the citrate ions contained in the citric acid solution, excluding
Ca ions, and we proposed a mechanism for this.

2. MATERIALS AND METHODS

2.1. Materials. Silica was purchased from Denka (Korea).
Sodium carbonate, calcium carbonate, trizma base, citric acid,

43680

and sodium hydroxide were purchased from Sigma-Aldrich
(USA). Sodium phosphate was purchased from Fisher
Chemical. Hydrochloric acid was purchased from Daejung
(Korea).

2.2. Preparation of S53P4 BG. The S53P4 BG was
prepared through the melt-milling process. S53P4 BG was
prepared by mixing the following powders: silica (53 wt %, 8 g),
sodium carbonate (23 wt %, S g), calcium carbonate (20 wt %,
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Figure 3. (a) Weight loss and (b) pH change of S53P4 BG in tris buffer and citric acid solution for 21 days.

5.5 g), and sodium phosphate (4 wt %, 1.1 g). The mixed powder
of S53P4 BG was melted in a platinum crucible by heating at 600
°C for 30 min and then at 1350 °C for 2 h. The milled S53P4
BGs were homogenized using sieves of 150, 60, and 20 ym, and
the milling and sieving were repeated.

2.3. Cell Viability. The S53P4 BG were sterilized with
ethylene oxide gas before the experiment. The procedure
involved placing S53P4 BG into the Eagle’s minimum essential
medium (Hyclone, USA) at different concentrations (2.5, S, 10,
20, and 40 mg/mL) and incubating them for 24 h to obtain an
extract. MG-63 cells were seeded (1 X 10* cells per well) in a 96-
well plate. After 24 h, extracts of S53P4 BG at various
concentrations were added to the cells. Each condition was set
up in triplicate, and plates were assayed 24 h after the addition of
extracts. Cell viability was assessed at 24 h using a cell counting
kit (CCK-8, Dojindo). The culture medium was removed, and
the samples were washed with DPBS. CCK-8 solution was
added to each well (100 uL of medium and 10 uL of CCK-8
solution). Samples were incubated for 2 h at 37 °C, and
supernatant (100 yL) for each sample was transferred into a
nontreated 96-well plate. Absorbance at 450 nm was measured
using an ELISA reader (Power wave XS; BIO-TEK).

% cell viability (absorbance: 450 nm)
mean OD

sample — €an ODyjank

mean OD

control

X 100
— mean ODy,

2.4. Compressive Strength Evaluation. The S53P4 BG
were prepared as cylindrical specimens with a diameter of 10
mm and a height of 8 mm under a pressure of 10 tons. The
compressive strength of the S53P4 BG was measured using a
universal mechanical testing machine (Zwick/Roell Z050) with
a crosshead speed of 20 mm/min.

2.5. In Vitro Dissolution Evaluation. The in vitro
dissolution evaluation of S53P4 BG was performed in
accordance with ISO 10993-14 (biological evaluation of medical
devices. Part 14: identification and quantification of degradation
products from ceramics). The dissolution of SS3P4 BG was
evaluated in tris buffer and a citric acid solution. The tris buffer
was prepared as follows: 13.25 g of tris(hydroxymethyl)-
aminomethane was dissolved in 500 mL of distilled water and
adjusted to pH 7.4 + 1 at 37 + 1 °C with hydrochloric acid (1
mol). The citric acid solution was prepared as follows: 21 g of
citric acid powder was dissolved in 500 mL of distilled water, and
200 mL of sodium hydroxide solution was added (solution A).
Then, 59.6 mL of hydrochloric acid (0.1 mol) was added to 40.4
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mL of solution A and adjusted to pH to 3.0 = 0.2 at 37 + 1 °C.
S53P4 BG (0.5 g) were added tris buffer (10 mL) and citric acid
solution (10 mL), and the in vitro dissolution evaluation was
performed at 37 °C for 21 days. After the dissolution evaluation
in tris buffer and citric acid solution, S53P4 BG were centrifuged
to separate the filtrate, washed with distilled water, and then
dried in a 37 °C oven. Initial samples undergoing in vitro
dissolution evaluation in tris buffer and citric acid solution for 21
days were prepared with a minimum of 9 each and were taken
every 3 days to measure the weight of dried S53P4 BGs and the
pH of the filtrate (including 1 day).

2.6. Instrumental Analyses. The morphology and particle
sizes of S53P4 BG powder were determined by field emission
scanning electron microscopy (FE-SEM) using a MIRA 3
(TESCAN, Czech) at 2 kV. The silicon, sodium, calcium, and
phosphorus contents of S53P4 BG powder and the eluted filtrate
were quantified by inductively coupled plasma optical emission
(ICP-OES) using an AvioS00 (PerkinElmer, USA). The phase
of S53P4 BG powder was determined through X-ray diffraction
(XRD) in the 2-theta range 3—90° using Miniflex600
(RIGAKU, Japan). The compressive strength of S53P4 BG
powder was tested by a universal testing machine (UTM) using
a ZO0SOTH (Zwick Roell, Germany). The cross-section
morphology and EDS analyses of S53P4 BG powder were
confirmed by focused ion beam (FIB) using a Helios 5 UC
(ThermoScientific, USA).

3. RESULTS AND DISCUSSION

The particle size distribution, composition ratio, X-ray pattern,
cell viability, and compressive strength of S53P4 BG, using FE-
SEM, ICP-OES, XRD, CCK-8 assay, and UTM are shown in
Figure 2. Figure 2a shows the FE-SEM images of the S53P4 BG
with respect to particle size. S53P4 BG exhibit a polygonal shape.
Particle size distributions in the FE-SEM images were measured
by taking 50 counts along the long axis of the particles. The
average particle size for S53P4 BG was confirmed at 84.76,
36.57, and 8.6 um, respectively. Figure 2b shows the
composition ratios of S53P4 BG. The S53P4 BG composition
ratios are 24.78, 17.06, 14.29, and 1.74 wt %, corresponding to
Si**, Na*, Ca’*, and P**, respectively. These results are presented
with an error range of +19.9%° Figure 2c shows the XRD
patterns of the S53P4 BG. S53P4 BG exhibit an amorphous
broad peak near 30 theta, characteristic of silicate glasses.” ™"’
Figure 2d shows the cell viability of osteoblast-like cells (MG-
63) when in contact with S53P4 BG at concentrations of 2.5, S,
10, 20, and 40 mg/mL for 24 h. Cell viability without contact
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Figure 4. (a) Change in ion release concentrations of Si*", Na*, Ca?*, and P** from S53P4 BG in tris buffer and citric acid solutions over 21 days, and
(b) ion release rates of Si**, Na*, Ca?*, and P** from S53P4 BG in tris buffer (left) and citric acid solution (right).

with S53P4 BG was selected as the control (shown as 0). The
average particle size of the S53P4 BG used was 9 ym, with a cell
viability of over 99%, indicating biocompatibility. Figure 2e
shows the stress—strain curve and compressive strength of the
S53P4 BG as a function of particle size. The maximum stress for
S53P4 BG occurs between strains of 3.4%, 5.3%, and 5.6%,
corresponding to 80, 30, and 9 pum, respectively. Also, the
compressive strengths of S53P4 BG were 9.54 17.40, and 32.87
MPa. The compressive strength of S53P4 BG increases with
smaller particles due to the denser internal structure resulting
from the filler effect.”® Furthermore, since materials applied in
tissue regeneration typically have very low mechanical strengths,
these results are very interesting because the strength can be
increased with particle size. Therefore, the in vitro dissolution
evaluation was performed with 9 um SS53P4 BG, which has the
highest compressive strength.
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Figure 3 shows the weight loss and pH change of S53P4 BG in
tris buffer and citric acid solution over 21 days. As shown in
Figure 3a, the weight loss of SS3P4 BG is confirmed to be 4.85%
in tris buffer and 6.98% in citric acid solution, respectively. The
weight loss of S53P4 BG was higher in citric acid solution than
that in tris buffer, attributed to the more effective dissolution of
S53P4 BG in acidic citric acid solution compared to the neutral
tris buffer. Furthermore, S53P4 BG in tris buffer and citric acid
solution showed a decrease in weight by 7 days of the dissolution
evaluation, followed by an increase by 21 days. These results
predict that new particles are formed by S53P4 BG in tris buffer
and citric acid solution after 7 days. Figure 3b shows the pH
change of S53P4 BG in tris buffer and citric acid solution for 21
days. The pH of S53P4 BG increased from 7.4 to 8.5 in tris buffer
and from 2.8 to 10 in citric acid solution over 21 days. The pH
increases observed in tris buffer and citric acid solution for

https://doi.org/10.1021/acsomega.4c06020
ACS Omega 2024, 9, 43678—43688


https://pubs.acs.org/doi/10.1021/acsomega.4c06020?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06020?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06020?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06020?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(a)

S53P4 (0 day)

S53P4 [Tris] (21 days) S53P4 [Cit.] (21 days)

o o

(b) ' S53P4 [Tris]

Intensity (a.u.)
Intensity (a.u.)

20 40 60 80

2-theta (deg)

(d)

§53P4 [Tris]

10
2-theta (deg)

6

. S53P4 [Tris] S53P4 [Tris]
_ 1 $53P4 (Surface mineralization) | . Surface
L mineralization
— 1
w)
- p—( 1
=
Si Na Ca P
" I S53P4 [Cit.] S53P4 [Cit.] S53P4 [Cit.]
~ Il 553P4 (Surface mineralization) Surface
=38 B
— <y mineralization
- 5 25
o - 82
U D 20
=
- =15
4__.'” 10
z -
Na Ca P

Si

Figure S. (a) FE-SEM images of SS3P4 BG in tris buffer and citric acid solution on 0 and 21 days, (b) XRD patterns of S53P4 BG in tris buffer and citric
acid solution on 0, 7, 15, and 21 days, (c) schematic of cross-sectional of SS3P4 BG using FIB, and (d) FE-SEM and EDS results after cross-section of
S53P4 BG after 21 days in tris buffer (top) and citric acid solution (bottom).

S53P4 BG are expected to be due to the presence of Na' in the
BG. The influence of Na* on pH is explained by the rapid ion
exchange of alkaline Na* ions with H* jons or H;O" ions when
S53P4 BG dissolve in tris buffer and citric acid solution, leading
to an increase in OH™ ions during hydrolysis.

Si— O —Na* + H,0
— Si— OH(aq) + Na*(aq) + OH"™
Also, the citric acid solution exhibited a higher pH increase
compared to the tris buffer. This is likely due to the faster
dissolution rate in the acidic condition with a pH of 2.8, leading

to a more substantial release of ions. Consequently, this
increased ion release results in a more active ion exchange

than that in tris buffer, leading to a higher concentration of OH™
ions and a more significant increase in pH.""~*

Figure 4 shows the ion release concentrations and rates of
S53P4 BG in tris buffer and citric acid solution over 21 days by
using ICP-OES. Figure 4a shows the Si**, Na*, Ca®", and P** ion
release concentrations of S53P4 BG in tris buffer and citric acid
solution for 21 days. The Si*' ion concentration of SS3P4 BG on
day 1 in tris buffer and citric acid solution increased rapidly to
6.58 and 28.47 mol/L, respectively, and was maintained until 21
days. The Na* ion concentration of S53P4 BG on day 1 in tris
buffer and citric acid solution increased rapidly to 36.34 and
134.16 mol/L and continuously rising to 63.44 and 177.35 mol/
L on 1-21 days, respectively. This continuous release of Na*
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Figure 6. Schematic diagram: (a) surface mineralization of SS3P4 BG in tris buffer and (b) citric acid solution, along with the FE-SEM and EDS results,
and (c) process of rod-shaped calcium phosphate-based compound formation by mineralization of the SS3P4 BG surface during in vitro dissolution

evaluation.

ions contributes to the increase in pH in Figure 3b. In tris buffer
and citric acid solution, the Ca* ion concentration of S53P4 BG
increased rapidly to 17.28 and 54.12 mol/L over 3 days and then
decreased continuously to 16.89 and 48.85 mol/L, respectively.
In addition, the P3* ion concentration in S53P4 BG increased
rapidly to 1.15 and 1.73 mol/L over day 1 and then decreased

43684

continuously to 0.25 and 0.16 mol/L by 21 days, respectively.
These changes in Ca** and P** ion concentrations are due to
their release from the surface of S53P4 BG and their immediate
reprecipitation. This is believed to be responsible for the
increase in the weight of S53P4 BG, as shown in Figure 3a. In
addition, Si*' ions are released from the S53P4 BG, but the ion
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concentration is maintained, which may also contribute to the
weight increase. As a result, the ion release occurred more
prominently in citric acid solution than that in tris buffer.*’
Figure 4b shows the ion release rate of S53P4 BG in tris buffer
and citric acid solution. The ion release rates for each element in
the SS3P4 BG were higher in the order Na* > Ca*" > Si*" > P**.
Moreover, S53P4 BG confirmed faster ion release rates in citric
acid solution than that in tris buffer, approximately 3, 3, 5, and
1.5 times, respectively, corresponding to Na*, Ca**, Si**, and P°*
ions.

Al[release rate]

Alday]

release kinetics =

Consequently, ion release of S53P4 BG occurred more
quickly and in greater amounts in a citric acid solution than that
in a tris buffer.

Figure 5 shows FE-SEM images, XRD patterns, and FIB and
EDS results of S53P4 BG after in vitro dissolution evaluation in
tris buffer and citric acid solution. Figure Sa shows the FE-SEM
image of SS3P4 BG (surface) in tris buffer and citric acid
solution at 0 and 21 days. The surface morphology of the S53P4
BG on 0 day was very clean. However, the surface of S53P4 BG
after 21 days was covered with newly rod-shaped particles in
both tris buffer and citric acid solution. These new particles were
observed as thicker and longer shaped in tris bufter but thinner
in citric acid solution. They formed during the dissolution of
S53P4 BG and are the result of mineralization. Mineralization
involves the deposition of mineral layers in bone and tissue.
Through this process, mineral-based skeletal structures, such as
bone, develop and regenerate, and tissue regeneration occurs.
The mineralization in the dissolution evaluation involves the
precipitation of ions such as Ca** and PO,*” on the surface of
S53P4 BG, leading to mineralization occurring through
nucleation and growth, resulting in the formation of a calcium
phosphate layer.”' Figure Sb shows the XRD patterns of S33P4
BG in tris buffer and citric acid solution for 0, 7, 15, and 21 days.
The XRD pattern of S53P4 BG confirmed only a broad peak at
30° in both tris buffer and citric acid solution at 0 day, but much
broader peaks in the range of 20—30° were present at 7, 15, and
21 days. As a result, no sharp crystalline peaks were identified in
the XRD pattern of S53P4 BG after 21 days, but the broad peaks
at 20—30° suggest that it is a calcium phosgphe}te—based
compound when compared to previous studies.*”**>* There-
fore, it can be expected that the layers formed on the surfaces of
tris buffer and citric acid solution are composed of a calcium
phosphate-based compound. Figure Sc shows a schematic
diagram of the cross-section of S53P4 BG in tris buffer and citric
acid solution using FIB to confirm the mineralized layers. FIB is
defined as advanced equipment and techniques that use high-
energy ion beams to process and image samples. FIB is primarily
employed to manipulate and study matter at the nanometer and
micrometer scales, with applications in semiconductor manu-
facturing, materials science, nanotechnology, biology, geology,
and other fields.>*° Figure 5d shows the cross-sectional image
and EDS results of S53P4 BG in tris buffer and citric acid
solution. The cross-sectional morphology of S53P4 BG in tris
buffer and citric acid solution was observed in two layers: below
the surface of the S53P4 BG was the initial undissolved S53P4
BG layer, and above was a layer of new particles. The layer of
new particles is the mineralized layer, as shown in the previous
results. The thickness of the mineralized layer of S53P4 BG in
tris buffer and citric acid solution was 273 and 34 nm,
respectively, which means that the mineralization process is

more active in tris buffer than that in citric acid solution. The
EDS results of two cross-sectional layers of SS3P4 BG (the initial
S53P4 BG layer and the surface mineralized layer) were
analyzed five times for the blue line and red line regions,
respectively. The results showed that the composition ratios of
the initial S53P4 BG layer in tris buffer and citric acid solution
were 24.86, 10.94, 13.92, 1.44 wt % for Si, Na, Ca, and P and
25.24,12.28, 11.64, 1.48 wt % for Si, Na, Ca, and P, respectively.
The surface mineralization layers of S53P4 BG were 12.40, 1.80,
16.30, 6.80, 16.78, 2.54, 13.41, and 3.90 wt %, respectively. In
other words, the surface mineralized layer in both tris buffer and
citric acid solution had higher Ca and P elemental contents than
the initial SS3P4 BG layer. In addition, the Ca/P molar ratio of
the surface mineralization layer was 1.85 and 2.66 in tris buffer
and citric acid solution, respectively. Thus, the surface mineral
layer of S53P4 BG is composed of calcium phosphate-based
compound, and tris buffer is closer to calcium phosphate than
citric acid solution.

Figure 6 shows a schematic diagram of the mineralization
process and results occurring on the surface of SS3P4 BG in tris
bufter and citric acid solution through ion release during the in
vitro dissolution evaluation. Figure 6a shows a schematic
diagram of the surface mineralization process of the SS3P4 BG
in tris buffer. Upon dissolution evaluation in tris buffer, Na,
Ca®, and PO, ions are released from the surface of the SS3P4
BG. Among the released ions, Na" increases the pH of the
solution. Also, Ca** and PO, react with each other when they
are in the ionic state, so they precipitate and form a mineralized
layer. Therefore, the longer the dissolution time, the more ions
are released from S53P4 BG, and the thicker the mineralized
layer. Figure 6b shows a schematic diagram of the surface
mineralization process of S53P4 BG in citric acid solution with
SEM images and EDS results for another new particle formed
during the process. Upon dissolution evaluation of S53P4 BG in
citric acid solution, similar to tris buffer, Na*, Ca?*, and PO,>~
ions are released from the surface. However, these ions are
released faster and in larger amounts than that in tris buffer due
to the slightly acidic nature of the citric acid solution. Therefore,
the pH increase over the same time period is higher in the citric
acid solution than that in the tris buffer. Also, the mineralization
layer precipitated by Ca®>* and PO, ions should be much
thicker. However, the mineralization layer in citric acid solution
was thinner than that in tris buffer. Moreover, another new rod-
shaped particle was observed on the surface of S53P4 BG by
SEM. This particle had a thickness of 60 nm and a length of 2
pum, and it was formed only in citric acid solution. The EDS
results of this particle showed that the Ca and C elemental
contents were 28.23 and 11.93 wt %, respectively. This means
that this particle was formed by the citrate ions present in the
citric acid solution. S53P4 BG in tris buffer formed a thick
mineralization layer due to the sequential precipitation of Ca**
and PO,’” ions without any interference due to the absence of
citrate. However, S53P4 BG in citric acid solution contains
citrate ions, which act as a scavenger of Ca®* ions.”” The
chemical structure of these citrate ions has three carboxyl
groups, making citrate a more active site than the PO,* ion,
predominantly reacting with Ca?* ions.>® As a result, S53P4 BG
in a citric acid solution formed new rod-shaped calcium citrate
particles. Thus, citrate ions bind with Ca** ions released from
S53P4 BG to form calcium citrate particles, which consume
most of the released Ca®* ions.”” The surface mineralization
layer of SS3P4 BG is then formed with a thin thickness due to the
lack of Ca?* ions. Therefore, calcium phosphate-based
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compound and calcium citrate are present on the surface of
S53P4 BG eluted from the citric acid solution. Figure 6¢ shows a
schematic diagram of the process and chemical structure of rod-
shaped calcium phosphate-based compound formation by
mineralization on the S53P4 BG surface during in vitro
dissolution evaluation. During the in vitro dissolution
evaluation, various ions are released from S53P4 BG, among
which Ca** and PO,’” ions interact and precipitate on the
surface of S53P4 BG. The particles formed by precipitation are
calcium phosphate-based compound, which undergo nucleation
and nucleation growth by the continuously released Ca** and
PO,> ions depending on the elution time.””"® The resulting
rod-shaped particles can be composed of Ca and P, forming a
layer on the surface of the S53P4 BG.

Figure 7 shows the ion release and surface mineralization
behavior of S$3P4 BG in tris buffer and a citric acid solution.
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Figure 7. Schematic diagram of ion release and surface mineralization
behavior of S53P4 BG in tris buffer and citric acid solution.

S53P4 BG was eluted in tris buffer and citric acid solution, ion
release occurred more rapidly in citric acid solution than that in
tris buffer. The ion released were then consumed by the surface
mineralization process and reduced. The reduction in ion
released during this process was greater in citric acid solution
than that in tris buffer. Therefore, surface mineralization of
S53P4 BG should occur more in citric acid solution. However,
the surface mineralization of S53P4 BG occurred more in the tris
buffer than that in the citric acid solution, and the mineralized
particles formed in the tris buffer were thicker and longer than
that in the citric acid solution. This is because the citrate ions
present in the citric acid solution removed the ion released from
S53P4 BG. As a result, the mineralized layer formed on the
surface of S53P4 BG was nine times thicker in the tris buffer than
that in the citric acid solution.

4. CONCLUSIONS

S53P4 BG prepared through the melt-milling process achieved
the highest mechanical strength at an average particle size of 9
pum, and the mechanical strength decreased with an increasing
average particle size. During the dissolution process, the
concentration of ion released from S53P4 BG was higher in
citric acid solution than that in tris buffer because the acidic
solution quickly destroyed the surface of S53P4 BG. However,
the mineralization of S53P4 BG occurred more actively in tris
buffer than that in citric acid solution. In addition, the SS3P4 BG
mineralized particles observed in tris buffer had a thicker rodlike
morphology than that in citric acid solution. This layer of S53P4
BG mineralized particles was identified as calcium phosphate-

based compound. These results were attributed to the citrate
ions present in the citric acid solution removing the Ca ion
released from S53P4 BG. This was evidenced by the observation
of another rodlike morphology, calcium citrate, in the citric acid
solution.
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