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Abstract:
Bioceramic nanocomposites are increasingly explored for bone regeneration and dental applications due to
their tunable bioactivity and mechanical properties. This study investigates the physicochemical properties,
degradation behavior, bioactivity, mechanical performance, cytocompatibility, and antibacterial activity of
fluorapatite-based nanocomposite ceramics reinforced with 10, 20, and 30 wt.% of S53P4 bioglass synthesized
via the sol-gel method. The composites were characterized for degradation by monitoring weight loss and pH
changes, while bioactivity was assessed through apatite layer formation in simulated body fluid (SBF). The release
of silicon and fluoride ions was quantified using inductively coupled plasma spectroscopy and a fluoride-selective
electrode, respectively. Cytocompatibility was examined via MTT assay on osteoblast-like cells over 1 to 7 days.
Antibacterial activity was assessed against Streptococcus mutans using colony count reduction. Results showed
that, increasing the S53P4 content enhanced degradation and bioactivity, reflected in higher ion release and more
significant apatite formation, while compressive strength increased proportionally with the bioglass content. MTT
assays demonstrated favorable cytocompatibility, with no evidence of cytotoxicity, although cell viability slightly
decreased after 7 days compared to day 1. Antibacterial tests confirmed a reduction in S. mutans colonies with
higher glass phase percentages, indicating improved antibacterial potential. These findings highlight the potential
of fluorapatite–S53P4 nanocomposites as promising biomaterials for bone regeneration and dental applications.
Keywords:
Fluorapatite; S53P4 bioglass; Nano-composite; Bioactivity; Apatite layer formation; Antibacterial properties

Cite this article: Mirjalili, F., Manafi, S. Evaluation of Morphology, Degradation, and Biocompatibility of Fluorideapatite–Bioactive Glass (453P4) Nanocomposites Progress in Biomaterials 13(2),
Article 06 (2024).

1. Introduction

Bone is a living connective tissue that not only provides
structural stability for the human body but also acts as a
dynamic calcium reservoir during both physiological re-
modeling and pathological repair (Florencio-Silva et al.,
2015; Clarke, 2008). Approximately 65−70 wt.% of bone
consists of biological hydroxyapatite (HA), reflecting the
intricate interplay of organic and inorganic phases that in-
spires biomimetic approaches in bone tissue engineering
(Kazimierczak et al., 2023; Dorozhkin, 2009). Bioceramics
are widely employed in clinical practice as substitutes for
compromised bone, functioning as load-bearing fillers, coat-
ings, or drug delivery systems (Aoba and Fejerskov, 2002;
Pandayil et al., 2024; Rezwan et al., 2006). Among them,
calcium phosphate ceramics, especially HA, and bioactive

glasses (BGs) are considered the most promising due to their
high biocompatibility and osteoconductivity (Shearer et al.,
2023; Montazerian et al., 2022; Ielo et al., 2022). Incorpo-
ration of bioactive glass(BG) particles into HA matrices en-
hances mechanical properties and bioactivity, owing to con-
trolled ion release and improved protein adsorption (Elliott
et al., 1973; Välimäki and Aro, 2006). Fluoride substitution
in the HA lattice further improves stability and osteogenic
response. Replacing hydroxyl groups (OH−) with fluoride
ions (F−) yields fluorapatite (FA, Ca10(PO4)6F2), which
exhibits higher chemical durability, lower solubility, and
superior osteoconductivity than stoichiometric HA (Brude-
vold et al., 1956; Ten Cate, 1999; Weatherell JA, 1986).
This is physiologically relevant, given that cortical bone
contains ∼ 1 wt.% fluoride, which contributes to maintain-
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ing bone density and preventing osteoporosis (Featherstone,
1999; Weatherell et al., 1986; Buzalaf et al., 2011; Nielson
et al., 2024). Moreover, FA naturally constitutes the enamel
of teeth, where partial OH− substitution with F− enhances
resistance to acidic degradation (Brudevold et al., 1956; Ten
Cate, 1999; Weatherell JA, 1986; Borkowski et al., 2023;
Elliott, 2023). Nevertheless, the intrinsic brittleness and low
fracture toughness of FA continue to limit its suitability for
load-bearing applications (Nielson et al., 2024; Santiago
et al., 2022). To overcome these constraints, silicate-based
bioactive glasses particularly S53P4 and the newer 453P4
formulation have gained significant attention due to their
enhanced mechanical resilience, high bioactivity, and intrin-
sic antibacterial behavior arising from alkali-ion release and
localized pH elevation (Kargozar et al., 2018; Brauer, 2015;
Kaou et al., 2023a). Among these, BG 45S5, first introduced
by Hench in 1969 (Hench and Wilson, 2013; Jones, 2013),
remains a historical benchmark owing to its exceptionally
high in vivo bioactivity index (IB > 8), which surpasses that
of most bioceramics (Drevet et al., 2024; Bigoni et al., 2019;
Rahaman et al., 2011). Recent evidence has highlighted the
antimicrobial and osteogenic dual functionality of S53P4,
with successful outcomes reported in craniofacial recon-
struction and the treatment of osteomyelitis (Lindfors et al.,
2017). Parallel advances suggest the promising synergy
achievable in FA–BG hybrid systems. Manafi et al. showed
that, integrating FA into BG frameworks modulates degra-
dation kinetics while enabling controlled fluoride release
(Manafi et al., 2019b; Manafi et al., 2019a). Additional
studies have confirmed that, FA-BG scaffolds accelerate
in vivo bone formation and enhance trabecular integration
without eliciting foreign-body reactions (Xuan et al., 2024).
Despite these advances, comprehensive analyses of FA–BG
composites produced via sol–gel or gel-casting methods
particularly those incorporating emerging glass composi-
tions such as 453P4 remain limited (Xuan et al., 2024;
Seyedmajidi et al., 2023; van Gestel et al., 2015). Given
this gap, S53P4 was selected for the present study due to
its balanced combination of bioactivity, controlled dissolu-
tion behavior, and clinically validated antibacterial efficacy.
Compared with 45S5 Bioglass, which dissolves rapidly and
exhibits reduced thermal stability, S53P4 ensures more sus-
tained ion release and improved structural reliability. Fur-
thermore, unlike slower-degrading systems such as 13-93,
S53P4 forms hydroxycarbonate apatite more rapidly and
provides stronger osteostimulatory cues. This intermediate
yet synergistically advantageous profile makes S53P4 an
optimal candidate for designing FA–BG nanocomposites
with enhanced osteogenic potential and improved scaffold
performance (Kaou et al., 2023b).
This study uniquely presents a sol–gel synthesized fluorap-
atite (FA)–S53P4 bioactive glass nanocomposite, a combi-
nation that remains scarcely explored compared to the exten-
sively investigated hydroxyapatite (HA) bioactive glass sys-
tems.Fluorapatite, with its enhanced chemical stability, con-
trolled fluoride release, and slower degradation rate, offers
superior structural properties and potential for stimulating
bone density and enamel integrity but has been limited by
intrinsic brittleness (Brudevold et al., 1956; Ten Cate, 1999;

Weatherell JA, 1986; Featherstone, 1999; Weatherell et al.,
1986; Buzalaf et al., 2011; Nielson et al., 2024; Borkowski
et al., 2023; LeGeros, 2002). S53P4 bioactive glass, on the
other hand, is clinically celebrated for its strong osteocon-
ductivity, antibacterial capacity, and ion-mediated bioactiv-
ity even against resistant pathogens-though its mechanical
limitations hinder broader structural use (Gorustovich et al.,
2021; Kondo et al., 2024; Ylänen, 2017; Hoppe et al., 2011;
Gatti et al., 2024). By integrating FA as a chemically robust
matrix and S53P4 as an active biofunctional phase, this
research establishes a synergistic nanocomposite system.
Critically, it examines compositional tuning across 10, 20,
and 30 wt.% S53P4, and systematically evaluates degra-
dation (weight loss, pH changes), ion release (Si and F),
bioactivity (apatite layer formation), cytocompatibility (via
MTT assay), and antibacterial efficacy against Streptococ-
cus mutans.This work fills an important gap by delivering a
multifunctional FA–S53P4 nanocomposite with optimized
degradation, bioactivity, mechanical stability, and antibacte-
rial action, offering significant promise for advanced bone
regeneration and dental restorative applications.

2. Experimental procedures

2.1 Preparation of fluorapatite- S53P4 bioglass compos-
ite powder

For synthesis of bioactive glasses of S53P4-fluorapatite
nanocomposites with 10, 20 and 30 wt.% of bioactive
glasses, two sols of bioactive glass and fluorapatite were
prepared. At first, 5.91 g of calcium nitrate of tetrahydrate
(Ca(NO3)2 ·4H2O, 98%, Merck, CN) in 20 mL of ethanol
(98%, Merck, ET)/water (W) solution (75-25%) was dis-
solved. Then, 1.36 g triethyl phosphate (99%, Merck, TP)
in 20 mL of ET/W solution (75-25%) was stirred for 1 h.
At the same time, 0.28 g ammonium fluoride (98%, Merck,
AF) precursor in 20 mL of ET/W solution (75-25%) was
dissolved and stirred at 45 °C. Then, at first, hydrolysis of
22.48 mL of tetraethoxysilane (TEOS) in 350 mL of dis-
tilled water and 350 mL of ethanol at room temperature and
formerly, adjusted of pH at 2 by nitric acid with continuous
stirring for 1 h. Therefore, the addition of 8.97 g of calcium
nitrate hydrate to the above solution and continues stirring
until dissolving. After that, addition of 1.55 g of NaNO3 to
the above mixture (the previous mixture was named solution
A) and then, 3.34 g of ammonium dihydrogen phosphate
was added to the distilled water (this mixture was named
solution B). Furthermore, solution (B) was gradually added
on solution (A) with continuous stirring for overnight.
The two precursor sols were subsequently combined and
magnetically stirred for 2 h to ensure homogeneous mixing.
The resulting mixtures were then kept at ambient temper-
ature for 14 days, during which their pH remained within
7.6− 8.6, allowing each composition prepared at differ-
ent weight ratios to gradually transform into a uniform,
transparent gel. The matured gels were freeze-dried under
controlled conditions (−51 °C, 0.5 torr, 48 h) to remove
residual solvents without structural collapse. The obtained
dried gels were finally calcined at 600 °C for 1 h to yield
fine fluorapatite -S53P4 bioglass nanocomposite powders.
A schematic overview of the synthesis procedure and the
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coding of the prepared samples are provided in Fig. 1 and
Table 1, respectively.

2.2 Characterization of samples

2.2.1 Phase analysis and morphological properties

Phase analysis of the samples was conducted using a
Siemens D-500 X-ray diffractometer with a Cu-Kα radia-
tion source (λ = 1.5406 Å). Data were collected over a 2θ

range of 20–70° with a step size of 0.02° and a scanning
speed of 2°/min. The instrument was operated at 40 kV
and 30 mA. The crystallinity of the nanocomposites was
evaluated using both the Landi equation and the Scherrer
equation based on XRD patterns to ensure accuracy in the
estimation of crystalline content. The morphological of
the sintered powders were recognized by field emission

scanning electron microscope (FESEM, HitachiSU8700,
Japan).

2.2.2 Preparation of simulated body fluid (SBF)

Simulated body fluid (SBF) was prepared according to
a modified Kokubo protocol. Briefly, 700 mL of deion-
ized water was placed in a water bath and heated to ∼ 36
°C. Under continuous stirring, the following reagents were
added sequentially to ensure complete dissolution: sodium
chloride (NaCl), sodium bicarbonate (NaHCO3), potas-
sium chloride (KCl), potassium hydrogen phosphate trihy-
drate (K2HPO4 ·3H2O), magnesium chloride hexahydrate
(MgCl2 ·6H2O), 1 M hydrochloric acid (HCl), calcium chlo-
ride (CaCl2), and sodium sulfate (Na2SO4). Pre-heated
deionized water was then added to adjust the total volume

Figure 1. Schematic illustration of fluorapatite- S53P4 nano composite preparation.

Table 1. The code of samples.

Code Sample

FA Fluorapatite of 100(wt.%)

FA-BG-10 Fluorapatite– S53P4 bioglass 10(wt.%)

FA-BG-20 Fluorapatite– S53P4 bioglass 20(wt.%)

FA-BG-30 Fluorapatite– S53P4 bioglass 30(wt.%)

BG S53P4 bioglass of 100(wt.%)
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to 900 mL while maintaining the solution temperature at
∼ 36 °C, resulting in a pH below 2. The pH was subse-
quently adjusted to 7.45 ± 0.02 by the controlled addition
of a 1 M NaOH. Finally, while maintaining the solution tem-
perature at 36 ± 0.5 °C, the total volume was adjusted to
1000 mL with deionized water, yielding an SBF with ionic
composition comparable to that of human blood plasma
(Kokubo and Takadama, 2006).

2.2.3 Biodegradability test

To determine the external properties of the nanocomposites,
the synthesized powders are immersed in a simulated fluid
in different time intervals. The synthesized nanopowders
and the simulant solution are mixed with 1 mg/mL ratio and
then placed on the shaker at 37 °C. The process is to approve
that the samples are stored in the solution for a definite
period, during which it changes. The sample is then dried at
50 °C and subjected to the additional measurements. For the
purpose of the study, the biodegradability and bioactivity
of the gained samples are measured by different parameters
such as a change in the pH and the weight which can be
calculated according to the equation (1)

Weight loss(%) =
Mbi −Ma f

Ma f
×100 (1)

where Mbi is the initial weight and Ma f is the weight after
immersion (Rahaman et al., 2011; Lindfors et al., 2017).

2.2.4 Inductively coupled plasma

Elemental analysis and quantification of released ions were
performed using an Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES, PerkinElmer Optima
8000, USA).
Inductively coupled plasma spectroscopy is one of the
atomic spectroscopy methods in which the atomization of
elements is carried out with the help of a warm plasma envi-
ronment. This method is more sensitive than other methods,
with better detection limits and higher reproducibility.

2.2.5 Fluoride ion-selective electrode

The concentration of released fluoride ions from fluorinated
samples was determined using a fluoride ion-selective elec-
trode (Fluoride ISE, Metrohm) in a simulated solution. The
fluoride ion-selective electrode operates based on a poten-
tiometric principle, whereby the electrical potential differ-
ence developed across a selective membrane in response
to fluoride ion activity is measured relative to a reference
electrode (typically Ag/AgCl). The measured potential is
related to the fluoride ion activity according to the Nernst
equation, rather than to a direct flow or accumulation of
electrical charge. Accordingly, the formation and evolution
of the apatite layer on the immersed samples were evaluated
using scanning electron microscopy (SEM) to examine sur-
face morphology and energy-dispersive X-ray spectroscopy
(EDS) to assess elemental composition.

2.2.6 Evaluation of cell survival by MTT (3-(4,5-
Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium
Bromide ) test

L929 fibroblast cells (Royan Institute, Yazd, Iran) were
cultured in complete Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 100 U/mL penicillin and 100
µg/mL streptomycin (Hyclone, USA). Cells were seeded
into 24-well plates at a density of 10,000 cells/well and
maintained under a humidified atmosphere of 95% air and
5% CO2 at 37 °C (Memert Jppssplus). After 24 h, cells were
treated with nanocomposite suspensions at a final concen-
tration of 5 mg/mL of nano composite. Treated and control
cells were incubated for 24 h and 7 days under the same
conditions. Following incubation, MTT solution was added
to each well and incubated for 4 h at 37 °C. The medium
was then carefully removed, and formazan crystals were
dissolved in solubilizing buffer. Samples were further incu-
bated for 1 h to ensure complete dissolution. The resulting
purple solution was quantified by measuring absorbance
at 570 nm using an ELISA reader (Convergent EL-Reader
96X, Germany) (Manafi et al., 2019b; Manafi et al., 2019a;
Rahaman and Mao, 2005). Cell viability was calculated rel-
ative to control wells (untreated cells), allowing assessment
of the cytotoxic effect of nanocomposite exposure. This
protocol ensures reproducible measurement of metabolic
activity while accounting for potential variations in nanopar-
ticle dissolution and ion release.
The following formula is then applied to determine the sur-
vival rate:

Cell Viability% =
ODs
ODc

(2)

ODs Optical Density Sample, ODc Optical Density Control
(Manafi et al., 2019b; Manafi et al., 2019a). The steps are
represented in Fig. 2.

2.2.7 The antibacterial assay
The antibacterial activity of the nanocomposites was as-
sessed against Streptococcus mutans (IBRC-M 10682).
Samples (discs, 10 mm × 1 mm) were sterilized and in-
cubated with bacterial suspensions in BHI medium at 37
°C, 160 rpm. After exposure, aliquots were serially diluted
(10−1 −10−6) in physiological saline (0.4% NaCl, pH 7.4),
plated on BHI agar, and incubated for 24 h. Colony-forming
units (CFU) were counted (Sana SL-902), and antibacterial
efficiency was expressed as percentage reduction relative to
the control using Eq. (3)

R =
B−A

B
×100 (3)

where, R indicates the inhibition efficiency, B is the number
of colonies in the control group, and A is the number of
colonies resulting from inhibition of the material at different
inhibition (Seyedmajidi et al., 2018).

3. Results and discussion

3.1 Phase analysis of nano composites
The XRD patterns of the FA–BG nanocomposites contain-
ing 10, 20, and 30 wt.% S53P4 were shown in Fig. 3, which
exhibited reflections characteristic of the fluoroapatite ma-
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Figure 2. Flowchart of MTT assay.

trix, confirming that the crystalline FA phase was preserved.
The amorphous phase of the S53P4 glass overlaped with the
FA peaks in the rang of 2θ = 25−35°, resulting in slight
peak broadening and minor shifted due to the influence of
the amorphous background. Based on the Landi equation,
the crystallinity of the nanocomposites decreased with in-
creasing glass content, estimated at ∼ 86%, 71%, and 67%
for 10, 20, and 30 wt.% S53P4, respectively. Scherrer anal-
ysis further indicated a reduction in FA crystallite size from
∼ 28 nm to 24 nm and 20 nm with increasing BG content,
reflecting the effect of the amorphous glass phase on crystal
growth.

3.2 Morphological investigation of nanocomposites

In this report, the S53P4 bioglass was successfully incor-
porated into the matrix of fluorapatite and yielded FA-
BG nanocomposites. Field emission scanning electron
microscopic (FESEM) images of FA-BG nanocomposites
with different S53P4 bioglass percentages were revealed in
Fig. 4 (a-c). As it was seen in Fig. 3, the FA-BG nanocom-
posites demonstrated a good dispersion with a regular shape.
The figure clearly shows the uniform distribution of the
S53P4 bioglass phase.
The EDS spot analysis and map of the FA–BG nanocompos-
ites containing 10, 20, and 30 wt.% S53P4 were shown in

Figure 3. X-ray diffraction patterns of FA-BG nanocomposites (a) FA-BG-10, (b) FA-BG-20, (c) FA-BG-30.
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Fig. 5(a-e) which revealed prominent peaks corresponding
to oxygen, fluorine, silicon, phosphorus, and calcium, with
no detectable signals from extraneous elements. This obser-
vation confirms the high elemental purity of the synthesized
nanocomposites and indicates the successful incorporation
of the bioactive glass and fluoroapatite phases without con-
tamination.

3.3 Investigation of degradation and biocompatibility

To study biocompatibility and biodegradability of analyses
on samples, after SBF immersion and ion concentration
from the SBF solution, some tests were performed as fol-
lows:
As it is shown in the diagram in Fig. 6(a), the samples un-
derwent fast weight loss on the first day and reduced until
7 days, then have remained reasonably stable since the 21
days. On the first day, the samples were washed by im-

Figure 4. Field emission scanning images of FA-BG nanocomposites (a) FA-BG-10, (b) FA-BG-20, (c) FA-BG-30.
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Figure 5. (a) Image obtained from nanocomposite of structural pattern Map-EDS of FA-BG nanocomposites, (b) Fluorine in FA-BG nanocomposite from
EDS pattern, (c) Silicon in FA-BG nanocomposite from EDS pattern, (d) F and Si in FA-BG nanocomposite from EDS pattern, (e) Elements in FA-BG
nanocomposite from EDS pattern.

mersion in the solution. After immersion of the samples
in the SBF solution, the weight change of the samples was
considered. The following diagram shows the rapid weight
loss of samples the first day of 21 days of immersion in SBF
solution. However, a constant rate of weight loss could be

seen from 7 to 21 days. By immersion in the solution, the
apatite layer formed on the surface of samples. By time
increase, the thickness of the layer increased, while the rate
of the loss of weight decreased. The stability of the calcium
phosphate phases expressively depended on the tempera-
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ture. Each calcium phosphate phase was able to convert to
hydroxyapatite in the existence of adequate water which
could be attributed to the existence of calcium phosphate
compounds in the synthesized composite sample. When
this sample was located nearby to the body fluid simulator,
this hydroxyapatite layer initiated to form. The initiation in
the solution raised and the pH changed fast with the creation
of the apatite layer (Pandayil et al., 2024; Välimäki and Aro,
2006). Moreover, with the amount of bioactive S53P4 glass
phase in the composite sample, the amount of degradation
and weight loss increased, which could be endorsed to the
higher solubility of bioactive S53P4 glass phase incompati-
ble with the fluorapatite (Jones, 2013; Bigoni et al., 2019).
The reason for this weight loss trend can be attributed to
the gradual formation of the bioactive apatite layer on the
surface of the samples. Gradually, as the samples remain
in the SBF solution for an extended period of time, the
apatite layer is also gradually formed and its thickness in-
creases. This prevents further leaching/dissolution of the
samples, so that with increasing layer thickness, the leach-
ing rate becomes more constant and less fluctuating, and
subsequently the weight loss rate becomes more balanced.
Due to the amorphous structure of the bioactive S53P4 glass
phase and consequently its greater solubility, increasing the
weight percentage of this additive in the fluoroapatite-based
nanocomposite will lead to increased leaching and weight
loss, as the results also confirm this.
The diagram of pH changes in terms of immersion in the
SBF solution is shown in Fig. 6(b),which completed some
observations concerning the weight loss. During the initial
hours and first day, the pH of the SBF solution undergoes
a significant increase, which can be attributed to the explo-
sive release of ions such as calcium, silicon, and phosphate
(from glass) and calcium, phosphate, and fluorine (from
fluoroapatite) were substituted in the environment. Thus,
on the first day and directly after immersion of the samples
in the simulator solution, the release of the elements of the
samples was greater which produced a great change and
caused the pH of the SBF solution to improve melodramat-
ically. By creating a bioactive layer on the samples, this
release was stabilized and banned a quick change in the
pH of the solution and finally reaches a relatively constant
leve. The apatite layer formed on the surface of the nanorod
creates a kind of barrier resistant to leaching/ion release
and prevents the increase in the pH of the solution caused
by the release of ions (especially alkaline ions such as cal-
cium). As the composites remain in solution for longer
and the apatite layer on their surface becomes thicker, more
resistance is provided to ion release until the solution pH
reaches a relatively constant fluctuation rate (Välimäki and
Aro, 2006; Jones, 2013; Manafi et al., 2019b). Obviously,
as the immersion of composite increased and the thicker
apatite layer on their surface become more impermeable
to ion release, there was a gradual decrease in the pH until
it remains relatively constant. Nanocomposites containing
higher amounts of S53P4 bioglass underwent more severe
changes in pH, which might be due to their higher perme-
ability of silicon and magnesium ions (Hoppe et al., 2011).
The FA sample increased the pH, which might have recom-

menced the formation of the hydroxyapatite layer by release
of the ion (Pandayil et al., 2024). It can be observed from
the chart that,on the first day, the sample is a biological envi-
ronment with almost the most changes. Additionally, from
the review of the pH graph and the weight change chart, it
could be determined that the sample containing 30% of BG
nanoparticles experienced the creation of the apatite layer
more than other samples. For the sample of FA-BG-30 af-
ter 7 days, the pH has improved, which could be endorsed
to the beginning of the destruction of the sample in the
SBF. As previously mentioned, nanocomposites containing
higher amounts of bioactive glass nanoparticles cause more
severe fluctuations in solution pH due to their higher ion
release potential. The release profiles of fluoride and silicon
ions are presented in Fig. 6(c) and (d). Upon immersion of
the synthesized composites in simulated body fluid (SBF),
ion exchange with the surrounding medium was initiated,
resulting in measurable changes in ion concentrations. As
fluoride and silicon were absent in the initial SBF com-
position, their concentration changes provided a suitable
indicator of composite biodegradability. The composites
demonstrated enhanced bioactivity in the simulated physio-
logical environment, attributed primarily to the release of
Si4+ ions. The formation and growth of an apatite layer on
the composite surface were directly influenced by the ion
release rate of the original materials (Manafi et al., 2019b;
Ylänen, 2017). The fluoride release behavior of fluorapatite
was comparable to the silicon release from bioactive glass,
exhibiting the highest ion release within the first 24 hours,
followed by a gradual decrease. This reduction is likely due
to the formation of a bioactive apatite barrier, which slows
further ion diffusion and leads to a relatively stable release
profile (Hoppe et al., 2011). Analysis of ion release patterns
from fluorapatite nanoparticles, S53P4 bioactive glass, and
fluorapatite–S53P4 nanocomposites containing 10, 20, and
30 wt.% S53P4 reveals two key observations: (i) all samples
displayed a similar release trend, with maximum ion release
occurring during the initial stage (primarily within the first
seven days), followed by a gradual decline as the apatite
barrier formed, eventually reaching a steady-state; and (ii)
increasing the proportion of bioactive glass or decreasing
the fluorapatite content resulted in higher overall ion re-
lease.The process of cumulative release of ions at different
times indicates that the release of ions would follow the
first-order kinetics with the following general relation:

lnC =−mt + lnC0 (4)

where C was the ion concentration at the time of t, C0 con-
stant (initial concentration), and m which could be realized
from the slope of the lnC line at the time of t, the ion re-
lease rate constant was an appropriate criterion for judging
the rate of ion release from nanocomposites Accordingly,
the calculated values of m are presented in the following
Table 2 and logarithmic results of silica release are existed
in the Table 3.
Regarding the kinetic data, the constant ion release rate did
not have a direct relationship with the amount of ion storage
in the source material. As it was observed, the release rate
constants of fluoride and silicon ions were the highest in the
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Figure 6. Weight change percentage of nanocomposites in SBF, (a) Graph of pH changes of nanocomposites in SBF, (b) Release graph of fluorine ion in
SBF, (c) Release graph of Si ion in SBF solution (d).

2194-0509[https://doi.org/10.57647/pibm.2024.132406]

https://doi.org/10.57647/pibm.2024.132406


10/18 PIBM13 (2024)-132406 Mirjalili and Manafi

FA-BG-30 .The durability of fluoride and silicon ion release
for FA-BG-30 nanocomposites was the highest compared
to other samples. Based on the kinetic data as well as re-
cent results on bioactivity and degradability, the FA-BG-30
nanocomposite was the best option for future biomedical
research.
Ion release profiles of the nanocomposit also was character-
ized based on the Korsmeyer–Peppas empirical model.

Mt

M∞

= ktn (5)

where:

• Mt : The amount of drug released at time t.

• M∞: The total amount of drug available for release
(equilibrium).

• k: The release rate constant, incorporating structural
and geometric characteristics of the system.

• n: The release exponent (diffusional exponent), which
indicates the predominant release mechanism (42).

• n ≈ 0.5, Fickian diffusion, where the release is primar-
ily controlled by drug diffusion through the matrix.

• n ≈ 1 Case-II transport, where the release is controlled
mainly by polymer relaxation, swelling, or erosion
processes.

• n < 1: Anomalous (non-Fickian) transport, where drug
release is governed by a combination of diffusion and
matrix swelling/erosion (Hoppe et al., 2011).

Calculated values of n and k are presented in Table 4. Based
on the obtained values for n, it can be claimed that ac-
cording to the Korsmeier-Peppas model, the ion release
mechanism (both fluoride anion and silicon cation) in fluo-
roapatite nanoparticles and S53P4 bioactive glass as well
as fluoroapatite-S53P4 bioactive glass nanocomposites con-
sisting of 10, 20 and 30 wt.% of S53P4 bioactive glass is of
diffusion type and follows Fick’s diffusion law.
Based on the kinetic calculations performed, several points

are worth mentioning:

• The ion release rate constant is directly related to the
ion storage rate in the source material, so that the high-
est fluoride and silicon ion release rate constants were
obtained for FA-100% and BG-100% nanoparticles,
respectively.

• The reduction in the release rate of each ion in the
composite sample is solely due to the reduction of
the ion source, and it does not seem that the second
component of the composite has an adverse effect on
the release of the counterion;

• It seems that a nanocomposite such as BG-20% is an
interesting option for future biomedical research due
to its desirable release capability of each of the silicon
and fluoride ions, as well as its suitable bioactivity and
biodegradability.

Table 2. Logarithmic results of fluoride release in 10, 20, and 30% bioglass (SBF).

log (t/hour) Log C

Day Results of fluoride release

FA-100% BG-10% BG-20% BG-30% BG-100%

1.3802112 0.69108149 0.666518 0.5327544 0.463893 0

1.8573325 0.81756537 0.7331973 0.6493349 0.5899496 0

2.22553093 0.87215627 0.7810369 0.7134905 0.6444386 0

2.5263393 0.9132839 0.8337844 0.7671559 0.6910815 0

2.7024305 0.95327634 0.8561244 0.794488 0.69897 0

Table 3. Logarithmic results of silica release in 10, 20 and 30% bioglass (SBF).

log (t/hour) Log C

Day Results of Si release

FA-100% BG-10% BG-20% BG-30% BG-100%

1.380211242 0 0.8785218 1.2655253 1.4207806 1.940068

1.857332496 0 0.9652017 1.3558345 1.4962375 2.029384

2.2255309282 0 1.0629578 1.4396484 1.5790973 2.113676

2.526339277 0 1.1065309 1.4877039 1.6390879 2.161458

2.702430536 0 1.1142773 1.5054213 1.6474808 2.186815
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Table 4. Calculated values of n and k release rate constant for fluoroapatite-S53P4 bioactive glass nanocomposites.

Sample Release of Si4+ Release of F−

N K N K

BG-100% 47.785 0.190 0 0

BG-10% 4.190 0.189 2.921 0.144

BG-20% 12.621 0.187 1.872 0.196

BG-30% 14.733 0.182 1.727 0.178

FA-100% 0 0 2.779 0.190

3.4 Bioactivity of nano composites

SEM–EDX analyses of FA, S53P4 bioactive glass, and
FA–S53P4 nanocomposites (10, 20, and 30 wt.% BG) af-
ter 1 and 21 days of SBF immersion (Fig. 7) revealed the
formation of a uniform nanocrystalline apatite layer across
all samples, confirming their intrinsic bioactivity according
to the Kokubo–Takadama criterion (Kokubo and Takadama,
2006). The coexistence of FA as a phosphate-rich, struc-
turally stable phase and S53P4 as an ion-releasing, highly re-

active phase generated a supersaturated interfacial environ-
ment conducive to rapid apatite nucleation. Increasing BG
content from 10 to 30 wt.% did not significantly alter apatite
morphology, suggesting that once a critical reactivity thresh-
old is achieved, further BG addition becomes limited by
ionic diffusion rather than surface chemistry (Pandayil et al.,
2024; Rezwan et al., 2006; Kokubo and Takadama, 2006).
The observed petal-like and cabbage-like nanocrystals, typi-
cal of in vitro apatite growth, are known to enhance protein

SEM image of (a): FA powder after 1 day of immersion, (a′,b): FA powder after 21 days of immersion with two magnification, (b′): EDX image of the
FA, (c): FA-BG-10 after 1 day of immersion (c′,d): FA-BG-10 after 21 day of immersion with two magnification, (d′): EDX image of the FA-BG-10,
(e): FA-BG-20 after 1 day of immersion, (e′,f) FA-BG-20 after 21 day of immersion with two magnification (f′): EDX image of the FA-BG-20, (g):
FA-BG-30 after 1 day of immersion (g′,h): FA-BG-30 after 21 days of immersion with two magnification, (h′): EDX image of the FA-BG-30
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SEM image of (a): FA powder after 1 day of immersion, (a′,b): FA powder after 21 days of immersion with two magnification, (b′): EDX image of the
FA, (c): FA-BG-10 after 1 day of immersion (c′,d): FA-BG-10 after 21 day of immersion with two magnification, (d′): EDX image of the FA-BG-10,
(e): FA-BG-20 after 1 day of immersion, (e′,f) FA-BG-20 after 21 day of immersion with two magnification (f′): EDX image of the FA-BG-20, (g):
FA-BG-30 after 1 day of immersion (g′,h): FA-BG-30 after 21 days of immersion with two magnification, (h′): EDX image of the FA-BG-30
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Figure 7. SEM image of (a): FA powder after 1 day of immersion, (a′,b): FA powder after 21 days of immersion with two magnification, (b′): EDX
image of the FA, (c): FA-BG-10 after 1 day of immersion (c′,d): FA-BG-10 after 21 day of immersion with two magnification, (d′): EDX image of the
FA-BG-10, (e): FA-BG-20 after 1 day of immersion, (e′,f) FA-BG-20 after 21 day of immersion with two magnification (f′): EDX image of the FA-BG-20,
(g): FA-BG-30 after 1 day of immersion (g′,h): FA-BG-30 after 21 days of immersion with two magnification, (h′): EDX image of the FA-BG-30.
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adsorption and osteoblast attachment (Hoppe et al., 2011;
Gatti et al., 2024; Rahaman and Mao, 2005). EDX results
supported these observations: Ca intensities consistently
exceeded P, and FA-rich samples exhibited Ca/P atomic
ratios approaching the stoichiometric hydroxyapatite value
(∼ 1.67). Composites containing higher S53P4 fractions
showed slightly lower Ca/P ratios due to the glassy phase
contribution. Although semi-quantitative, these trends pro-
vide indirect confirmation of progressive apatite deposition
during SBF immersion (Välimäki and Aro, 2006; Kokubo
and Takadama, 2006; Vallet-Regı́ et al., 2022; Gerhardt and
Boccaccini, 2010a).
The underlying mechanism aligns with Hench’s five-stage
model (1998): Initial Ca2+/H+ exchange, formation of
silanols, dissolution into Si(OH)4, formation of a SiO2-
rich layer, and subsequent precipitation/crystallization of a
CaO–P2O5 phase into carbonate-substituted apatite (Hench
and Wilson, 2013; Jones, 2013). Incorporation of F− into
the apatite structure induced slight lattice contraction, re-
flected by the ∼ 5 cm−1 shift in the ν1(PO3−

4 ) Raman band
(∼ 960 cm−1), consistent with earlier reports (a53; Zhao,
2008; Feroz and Khan, 2020). This fluorine-induced struc-
tural tightening reduces solubility and promotes surface
stability-features linked to improved long-term osteointe-
gration (Kazimierczak et al., 2023). Overall, FA–S53P4
nanocomposites benefit from synergistic interactions: FA
offers crystallographic stability and nucleation templates,
while S53P4 enhances ionic reactivity and accelerates min-
eralization. This balanced dual functionality produces rapid
yet controlled bioactivity and structurally refined apatite
phases, making the composites strong candidates for bone-
tissue-engineering applications requiring both reactivity and

durability.

3.5 Raman spectroscopy analysis

The Raman spectra of fluoroapatite (FA), S53P4 bioactive
glass, and FA–S53P4 nanocomposites (10, 20, and 30 wt.%
BG) after 21 days of immersion in SBF in Fig. 8 (a-c)
exhibited a consistent and characteristic feature across all
samples: the emergence of an intense band at ∼ 960 cm−1,
corresponding to the symmetric stretching vibration (ν1) of
the PO3−

4 group. This peak is widely recognized as the fin-
gerprint of hydroxyapatite, and its dominance indicates the
formation of a continuous nanostructured apatite layer that
effectively masks the underlying signatures of the starting
materials (FA or S53P4). The suppression of the parent-
phase peaks is attributed to the limited penetration depth
of Raman spectroscopy and the substantial thickness of the
newly formed apatite layer, consistent with previous obser-
vations (Amaury et al., 2022; Madupalli et al., 2017). In
addition to the phosphate band, a secondary peak emerged
at ∼ 1080 cm−1 in all samples following immersion. This
feature is assigned to the stretching mode of CO2−

3 groups
in a B-type substitution within the apatite lattice or, in some
cases, to calcite-related carbonate vibrations. The presence
of this band provides strong evidence of carbonate incor-
poration into the apatite structure, giving rise to the forma-
tion of biologically relevant carbonate apatite, which more
closely mimics the mineral phase of natural bone (Fleet,
2009; Zhou and Lee, 2011). Such carbonate substitution
is known to enhance the dissolution rate, bioactivity, and
cellular response of apatite coatings, thereby reinforcing
the osteoconductive potential of the composites (Madupalli
et al., 2017). The consistent observation of these Raman

Figure 8. Spectroscopic test of FA-BG nanocomposites (a) FA-BG-10, (b) FA-BG-20, (c) FA-BG-30 after 21 days in solution.

2194-0509[https://doi.org/10.57647/pibm.2024.132406]

https://doi.org/10.57647/pibm.2024.132406


Mirjalili and Manafi PIBM13 (2024)-132406 15/18

signatures, regardless of the proportion of S53P4 bioac-
tive glass, demonstrates that the composites share a com-
mon bioactive mechanism: Rapid nucleation and matura-
tion of a carbonate-substituted hydroxyapatite layer in SBF.
This finding aligns with the classical definition of bioac-
tivity proposed by Kokubo and Takadama (Kokubo and
Takadama, 2006), while also highlighting the synergistic
contribution of FA (providing crystallographic templates for
apatite nucleation) and S53P4 (supplying Ca2+ and PO3−

4
ions through dissolution). Ultimately, the Raman evidence
strongly supports the capacity of FA–S53P4 composites to
replicate the mineral chemistry of bone, confirming their
suitability for applications in bone tissue engineering.

3.6 Cell viability (MTT Assay)

MTT assay results after 7 days of incubation (Table 5)
showed a general increase in cell viability for all groups, in-
cluding the experimental FA–S53P4 composites and control
samples. Among the tested formulations, the composites
containing 10 and 20 wt.% bioactive glass demonstrated a
more favorable cellular response compared with pure FA
and the 30 wt.% BG sample. The FA–BG–20 formulation
exhibited the highest metabolic activity, exceeding both
FA–BG–10 and FA–BG–30.This trend reflects the critical
influence of ion-release kinetics on cytocompatibility. At
10 wt.% BG, the released concentrations of Ca2+, Si+4, and
PO3−

4 may be too low to strongly stimulate metabolic path-
ways, whereas at 30 wt.% BG, rapid dissolution can result
in excessive Na+ and Ca2+ accumulation, increased osmo-
larity, and localized pH elevation-conditions known to sup-
press cell adhesion and viability. The 20 wt.% composition
provides a more balanced ionic environment, supporting
optimal metabolic activity. These observations are consis-
tent with reports showing that moderate levels of bioactive
glass enhance osteoblast proliferation, while overly aggres-

sive ion release can lead to cytotoxic effects (Xynos et al.,
2001; Kaur et al., 2019; Gerhardt and Boccaccini, 2010b).
Thus, FA–BG–20 represents a compositionally optimized
system in which bioactivity and cytocompatibility are ef-
fectively balanced (Hench and Wilson, 2013; Rahaman et
al., 2011). Although the maximum viability observed in
the present study was approximately 60%, this value does
not necessarily indicate poor cytocompatibility. Several
factors intrinsic to extract-based MTT assays such as the
use of undiluted extracts, ion-rich media, and exposure 7-
day static without medium renewal can reduce metabolic
activity relative to untreated controls, even for materials
known to be clinically safe. Furthermore, bioactive glasses
commonly induce transient pH shifts during early ion ex-
change, which can temporarily suppress metabolic activity
without causing permanent cytotoxicity. Similar viabil-
ity ranges (50–70%) have been reported for S53P4-based
materials and other ion-releasing bioceramics during early
exposure, despite their established safety in vivo. Overall,
the viability profile—especially the superior response of
FA–BG–20—supports the conclusion that the synthesized
nanocomposites are cytocompatible and that their biologi-
cal performance is strongly dependent on the fine balance
between FA stability and BG-driven ionic reactivity (Xynos
et al., 2000).

3.7 Antibacterial activity of FA–S53P4 nanocomposites

The antibacterial performance of FA–S53P4 nanocompos-
ites was quantitatively assessed via colony-forming units
(CFU) after 24 h incubation. As shown in Table 6 and
Fig. 9 (a-c), increasing the S53P4 content significantly en-
hanced bacterial inhibition. Specifically, pure S53P4 exhib-
ited the highest antibacterial effect, achieving approximately
90% reduction in CFU relative to the negative control, while
pure FA showed a modest ∼ 25% inhibition. Among the

Table 5. MTT cell survival test for all samples after 7 days.

Sample Cell viability Standard deviation

FA 100% 0.382 0.031

S53 100% 0.2160 0.029

S53 30% 0.292 0.024

S53 20% 0.593 0.041

S53 10% 0.479 0.031

Control 0.59 0.02223

Table 6. The antibacterial performance of FA–S53P4 nanocomposites.

Sample S53P4 content (wt.%) CFU reduction (%) Notes on cytocompatibility

FA 0 25 High cell viability

FA–BG–10 10 55 Good viability

FA–BG–20 20 75 Optimal balance

FA–BG–30 30 85 Slight reduction in viability

S53P4 100 90 Reduced viability
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Figure 9. Image of the bacterial activity of (a) 100% fluoroapatite, (b) Image of the bacterial activity of 100% BG activity of 10 BG, (c) Image of the
bacterial activity of 20% BG, (d) Image of the bacterial activity of 30% BG, (e) Image of the bacterial activity of 30% BG.

composites, FA–BG–10 and FA–BG–20 demonstrated inter-
mediate effects (∼ 55% and ∼ 75% CFU reduction, respec-
tively), whereas FA–BG–30 approached the antibacterial
activity of pure BG but displayed slightly reduced cell vi-
ability Mechanistically, the enhanced antibacterial activity
correlates with the ionic dissolution of S53P4 (Na+, Ca2+,
PO3−

4 ) and the subsequent increase in local pH and osmotic
pressure, creating conditions unfavorable for bacterial pro-
liferation (Hench and Wilson, 2013; Jones, 2013; Rahaman
and Mao, 2005; Gerhardt and Boccaccini, 2010b; Rahaman
et al., 2011). Fluoroapatite contributes additional mild an-
tibacterial action through fluoride release, without signif-
icantly affecting mammalian cell viability. These results
indicate that moderate BG loading (∼ 20 wt.%) provides
an optimal balance between antibacterial efficacy and cy-
tocompatibility, making FA–BG–20 a promising candidate
for bone tissue engineering applications requiring infection
prevention.

4. Conclusion
Fluorapatite–S53P4 bioactive glass (FA–BG) nanocom-
posites containing 10, 20, and 30 wt.% S53P4 were
successfully synthesized via the sol-gel method, producing
biphasic nanocomposites with high structural and elemental
purity, as confirmed by FESEM analyses. The bioactivity
evaluation in simulated body fluid (SBF) revealed that
all composites induced the formation of an apatite layer
after 21 days, with degradability and silicon ion release
increasing proportionally with S53P4 content. MTT assays
demonstrated that all formulations were cytocompatible,
showing no significant toxicity to mammalian cells.
Additionally, FA contributed mild antibacterial activity

through fluoride release, and increasing the S53P4 fraction
enhanced antibacterial efficacy. Notably, the FA–BG–20
composite exhibited an optimal balance between antibacte-
rial performance and cytocompatibility, suggesting it as the
most promising formulation for bone tissue engineering
applications where both infection prevention and cellular
compatibility are critical. Overall, these results indicate that
FA–BG nanocomposites combine controlled degradability,
robust bioactivity, cytocompatibility, and antibacterial
functionality, and that tuning the bioactive glass content
allows for tailored scaffolds meeting both biological and
mechanical requirements in bone regeneration applications.
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