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https://doi.org/10.18280/rcma.360219 ABSTRACT

Bioactive glass (BG) has attracted considerable attention as a promising material for
biomedical applications. This study focuses on the development of BG-nHA
biocomposites with enhanced biofunctional properties during the in-vitro assessment
compared with previously reported systems. The sol—gel method is used to synthesize
BG nanoparticles, and BG-nHA biocomposites were fabricated by dry pressing under
hydraulic pressure using defined ratios of BG and nano-hydroxyapatite (nHA), followed
by sintering at 1000 °C. The specimens were characterized before and after immersion in
simulated body fluid (SBF) using Fourier Transform-Infrared Spectroscopy (FT-IR),
Field Emission-Scanning Electron Microscopy (FE-SEM), X-ray diffraction (XRD), and
weight loss measurements. Physical and mechanical properties, including apparent
porosity, water absorption, apparent density, and hardness, were evaluated. At 25 wt.%
nHA, the composite exhibited 31% porosity, 19% water absorption, 1.99 g/cm?® density,
and a hardness of 388 HV. Results confirmed that a hydroxyapatite layer formed after
SBF immersion, with increased apatite formation at higher nHA content. Increasing nHA
content 5-25 wt.% enhanced both bioactivity and hardness of the BG-nHA composites.
Moreover, antibiofilm tests confirmed that the BG-nHA biocomposites exhibited strong
antibiofilm activity, with inhibition rates of 92.7% and 86.9% against Staphylococcus
aureus and Klebsiella pneumoniae, respectively, indicating their suitability as promising
bone-regeneration materials.
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1. INTRODUCTION such as dental materials, spinal cord repair, and orthopedic
uses [7, 8], and play a key role in skeletal system
reconstruction [9, 10]. Bioactive glass (BG) 45S5 is an
amorphous Dbioceramic extensively utilized for bone

regeneration, repair, and replacement due to its excellent

The skeletal system is the most essential support structure
that the human body possesses. It provides organ protection,
blood cell formation, mineral storage, and body shape. Tissues

are an essential part of the skeletal framework that support
stability and safety during movement or rest [1]. The failure of
bones, teeth, and joints results from the gradual deterioration
of the skeletal system over time [2]. Bone defects may occur
due to degenerative diseases, fractures, bone resection, or
congenital defects. Small defects can be repaired through bone
remodeling and healing within a relatively short time, whereas
large (massive) defects are severe and difficult to recover,
requiring bone reconstruction and surgical intervention [3, 4].
Recently, biomaterials have gained significant attention in
implant production. Biomaterials are natural or synthetic
substances used to replace or modify biological tissue
functions. The usage of artificial materials to substitute
damaged tissue and organs has become an essential field in
modern medicine. Biomaterials are mainly classified into
metals, ceramics, polymers, glasses, and composites [5, 6].
Bioceramic materials are important in biomedical applications
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osteogenic properties and biocompatibility [11, 12]. It consists
mainly of silicon, calcium, sodium, and phosphate oxides,
which enable strong bonding with bone tissue [13]. When BG
interacts with biological environments, it promotes tissue
adhesion and gradually degrades while new tissue forms,
producing a biologically active apatite layer essential for bone
bonding. This surface layer formation is a key factor in direct
bone bonding [14, 15].

Hydroxyapatite (nHA) is an important inorganic bioceramic
widely used in implant dentistry and bone implants according
to its similarity with the minerals present in natural bone and
tooth [16]. It is the primary inorganic component of bone,
exhibiting distinct biologic compatibility, bioactivity,
osteoconductive properties, bone bonding ability, and slow in
situ degradation [17, 18]. The development of BG/nHA
biocomposites is based on combining BG particles with nHA
to improve biological activity, mechanical properties, and
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structural similarity to natural bone [19]. Antibacterial activity
refers to the ability of a material to reduce bacterial survival,
measured by colony-forming units before and after exposure
[20]. Biofilms are surface-attached microbial communities
formed by bacteria such as Klebsiella pneumoniae,
Staphylococcus aureus, and Pseudomonas aeruginosa.
Preventing biofilm formation is important, and nHA is
considered a promising material for treating biofilm-
associated infections because it is chemically similar to bone
mineral [21].

In this study, BG/nHA biocomposites were prepared using
the dry pressing method and characterized. The incorporation
of nano-hydroxyapatite (nHA) into the BG 45S5 matrix
improves mechanical stability, enhances hydroxyapatite layer
formation, reduces brittleness, and increases surface area for
better interaction with biological tissues. The physical,
mechanical, and structural properties were evaluated. In vitro
FTIR analysis confirmed the formation of an apatite layer that
seemed like bone in simulated body fluid (SBF). Additionally,
antibacterial and antibiofilm activities of BG/nHA
biocomposites were investigated.

2. MATERIALS AND PROCEDURES
2.1 Fabrication of biocomposites

Bioactive glass powder (BG 45S5) with a composition of
(45 wt.% SiO2, 24.5 wt.% Na20, 24.5 wt.% CaO, and 6 wt.%

Bioactive Glass Nano-Hydroxyapatite
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P:0s) was synthesized using sol-gel method. Tetraethyl
orthosilicate (23.5 mL) and Triethyl phosphate (3.35 mL)
were added dropwise to an acidic solution (10.4 mL) under
magnetic stirring. Sodium nitrate (16.5 g) and calcium nitrate
tetrahydrate (15.5 g) were then added. The mixture was stirred
for 1h until a clear solution was obtained. It was subsequently
converted into gel via Polycondensation. The gel was
dehydrated at 60 °C for 12h. After that, it was heat-treated for
5h at 200 °C and 2h at 700 °C to produce BG 45S5 powder.

Then, BG is mixed in several proportions (5, 10, 15, 20, and
25 wt.%) of nHA powder with particle size +20 nm
(Hualanchem, purity 96%, made in China). In order to ensure
homogeneity and produce an appropriate ceramic, the mixture
was stirred for 12h. The BG-nHA biocomposite specimens
were produced using uniaxial pressing methods in hardened
steel molds that were lubricated with paraffin oil under a
compaction pressure of 312 MPa for 5 min to ensure a
homogeneous compact. The resulting specimens were disc-
shaped, with dimensions of 20 mm in diameter and 4 mm in
thickness. No organic binder was added. The specimens were
then sintered in a furnace (BSM-F40, China) at 1000 °C for 3
h with a heating rate of 5 °C/min. In order to avoid thermal
shock, furnace cooling occurred overnight at room
temperature. This procedure is consistent with a previous
study [22].

Table 1 illustrates the mixture ratios of BG and nHA used
to prepare the biocomposite samples. The schematic diagram
of the experimental set-up used to prepare biocomposite
samples is shown in Figure 1.
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Figure 1. Schematic diagram of experimental set-up for preparation of biocomposite samples

Table 1. Mixture ratios of bioactive glass (BG) and nano-
hydroxyapatite (nHA) used to prepare the biocomposite

Table 2. Simulated body fluid (SBF) ion concentrations in
comparison to human blood plasma

samples
Ions SBF (mmol/l) Human Blood Plasma (mmol/l)
. . Composition of Each Element (wt.%) Na* 142.0 142.0
Biocomposite " " K 50 50
Specimens Code Bioactive Glass nHA A . .
(BG 45S5) Mg 1.5 1.5
BG 100 0 Ca* 2.5 2.5
BG-nHA1 95 5 Cl 148.8 103.0
BG-nHA2 90 10 HCOs5 4.2 27.0
BG-nHA3 85 15 HPO4* 1.0 1.0
BG-nHA4 80 20 SO4* 0.5 0.5
BG-nHAS5 75 25
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2.2 Preparation of simulated bodily fluid

A simulated bodily fluid utilized in this investigation was
procured commercially and prepared according to the
methodology established by Kokubo and Takadama [23]. The
solution's ion concentrations are illustrated in Table 2.

2.3 Surface morphology and particle size of BG powder
and characterization of biocomposites BG-nHA

The particle size was determined for bioactive glass powder
(BG 45S5) using a laser light diffraction instrument (Nano
brook 90Plus, DLS). X-ray diffraction (XRD) analysis of the
biocomposite specimens (BG-nHA) was performed using a
diffractometer (PW1730, Philips, Netherlands) with Cu-Ka
radiation (A = 1.5405 A). The diffraction patterns were
recorded in the 26 range of 20°-80° with a step size of 0.05°.

Fourier transform infrared (FT-IR) analysis of biocomposite
specimens was carried out using an FT-IR spectrophotometer
(PerkinElmer Spectrum IR-10.6.2, USA) coupled with an FT-
IR imaging system in the range of 500—4000 cm ™.

The surface morphology and topography of biocomposites
were examined before and after immersion in SBF solution by
using Field Emission-Scanning Electron Microscopy (FE-
SEM) (MIRA 3 TESCAN, Czech).

Physical and mechanical properties of BG and BG-nHA
biocomposite samples, namely, Apparent Porosity (A.P),
Water Absorption ratio (W.A), and Apparent Density (A.D),
were investigated according to ASTM C373-88 [24] and
calculated by using these equations, respectively.

AP = ws— wa/ws — wi x100% 1
W.A =ws — wa/waq x100% 2)
A.D = wa/ws — Wi X py 3)

where,

wq: is the mass of the dried sample in grams.

ws: sample mass under water infiltration (g).

wi: sample mass submerged in water (g).

pw: density of water (g.cm™).

Additionally, Vickers micro-hardness was assessed by
applying a constant stress of 9.8 N for a duration of 10 seconds
according to the American specifications ASTM C 1327-99.
As in Eq. (4). All measurements were performed in triplicate,
and the results are presented as mean = SD.

HV = 1.854 x F/a? 4
where,

HV: micro-hardness Vickers.

F': stands for the indentation load (N).

a: half of the diagonal indentation (mm).

1.854 is the value that represents the diamond pyramid's
geometrical constant.

2.4 Biological evaluations

The pH change and weight loss of the biocomposite
specimens were evaluated by immersing them in 100 ml of
SBF solution and maintaining them in an incubation shaker at
37°C for 1,7, 14, 21, and 28 days. After each time point, the
specimens were washed with distilled water to prevent any
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further reactions, and subsequently dried in an oven at 60 °C
for up to 4 h. This procedure was used to determine
biodegradation behavior and bioactivity in vitro. The pH of the
SBF solution was measured at each time point using a digital
pH meter (PH-600, Metravi, India). The weight of the
biocomposite specimens was recorded before and after
immersion in SBF.

The Antibacterial activity was determined using isolated
bacteria of Gram-negative, such as (P. aeruginosa and K.
pneumoniae), as well as Gram-positive (S. aureus and S.
mutans), which were collected from the lab for microbiology
at Medical City Hospital, Baghdad, Iraq. The isolates were
characterised utilising the VITEK technology (VITEK,
Biomérieux, Marcy-1’Etoile, France).

An antibacterial activity of purified BG, hydroxyapatite
(nHA), and their combined mixture (BG/nHA) was evaluated
using the agar well diffusion technique against selected
pathogens. Bacterial suspensions were prepared at 1.5 x 108
CFU/mL using a McFarland standard, and Mueller-Hinton
agar plates were inoculated with the test organisms. Wells of
6 mm diameter were created in the agar; each well was filled
with BG and nHA powder suspensions with a concentration of
80 mg/mL, prepared from stock suspensions. The suspensions
were separately dispersed by sonication for 2 min prior to use.
The BG and nHA suspensions were then mixed in a 1:1
volume ratio. As a negative control, deionized water was
utilized [25]. After incubating at 37 °C for 24 h, antibacterial
activity of both pure BG and nHA, as well as their mixtures
(biocomposites), was determined by examining and measuring
the zones of inhibition in each well to the smallest millimeter.
The increase in inhibition (F.1.) zones was calculated using Eq.

)

F.L =[(b-a)a] x 100% (5)

After that, antibiofilm activity was evaluated using the
microtiter plate (MTP) technique to measure the inhibitory
effect of BG—nHA biocomposites against biofilm formation
[26]. A 96-well polystyrene MTP with a flat-bottom and sterile
surface was employed. Biofilm development was initiated by
bacterial adhesion to the well surface, and this process was
influenced by the tested materials. Cultures of bacterial
isolates were incubated on nutrient agar and activated at 37 °C
overnight. The bacterial colonies were subsequently
suspended in sterile normal saline solution and adjusted with
a 0.5 McFarland standard (1.5 x 108 CFU/mL). Subsequently,
90 pL of Brain Heart Infusion (BHI) broth containing 2% of
glucose was added to each well, and 10 uL of bacterial
suspension was added. Following incubation, the plates were
dried and the contents were removed. Non-adherent cells were
then removed by washing the plates three times with sterile
phosphate-buffered saline solution (PBS). After this, 150 uL
of 1% crystal violet solution was added to each well and
incubated at room temperature for 20 min. The wells were
washed three times with PBS to eliminate the excess stain. The
adherent cells were subsequently fixed and solubilized with
150 uL of 95% ethanol. All experiments were conducted in
triplicate. The microplate reader was employed to measure the
optical density (OD) of each well at 580 nm.

For growth curve analysis, 0.1 mg/ML of BG-nHA
suspensions and 0.1 mL of bacterial suspension were mixed
with 10 mL of nutrient broth in sterile tubes. The suspension
of bacteria was produced from a culture that was left to grow
for 24 hours and was diluted to a 0.5 McFarland standard.



Subsequently, 0.1 mL of the mixture was spread on Mueller-
Hinton agar plates and incubated for 24 h at 37 °C. Viable
bacterial growth was monitored at zero, 30, 60, 90, and 120
minutes to evaluate bacterial growth dynamics [27].

2.5. Statistical analysis

The data were analyzed using a one-way ANOVA
procedure in SPSS Version 24, with a significance level of
0.05. Results are presented as mean =+ standard error. All
experiments were performed in triplicate.

3. RESULTS AND DISCUSSION

Figure 2 illustrates the morphology of the surface and
distribution of particle sizes for BG 45S5 powder synthesized
using the sol-gel method. Through the size distribution curve
illustrated in Figure 2(a), the maximum intensity peak was
obtained at 244 nm. Smaller particle sizes lead to higher
surface reactivity and contribute to the rapid formation of the
HA layer. Figure 2(b) shows the morphology of BG 45S5

synthesized by the sol-gel method using FE-SEM. The FE-
SEM micrograph shows agglomeration of BG nanoparticles,
which is attributed to their enhanced surface reactivity.

Figure 3 displays the XRD pattern of the BG-nHA
biocomposite samples prepared at different nHA percentages.
The XRD results show the main phases: Wollastonite
(CaSi0s) and hydroxyapatite, indicating partial crystallization
of the synthesized BG at 1000 °C. Wollastonite was identified
as a bioactive phase according to JCPDS #84-0655. Two
distinct peaks of hydroxyapatite and wollastonite were
selected for comparison. The HA peak was observed at 20 =
40.54°, while Wollastonite was observed at 20 = 34.14°.
Formation of sodium calcium silicate Na-Ca (SiOs) appears
in the sintered samples at 1000 °C, consistent with JCPDS
#77-2189. The results also suggest a possible transformation
of HA into B-TCP after sintering, in agreement with reported
studies [28]. The intensity of HA peaks increases as the nHA
percentage increases, and this indicates that the HA
crystallinity is higher. BG-nHAS sample shows the highest
Wollastonite content, suggesting a phase composition that
may support hydroxyapatite formation on the BG surface
during interaction with SBF.
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Figure 2. (a) Particle size analysis, (b) Field Emission-Scanning Electron Microscopy (FE-SEM) of 45S5 bioactive glass powder
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Figure 3. XRD of the BG-nHA biocomposite samples
prepared at different nHA percentages
Note: XRD = X-ray diffraction, BG = bioactive glass, nHA = nano-
hydroxyapatite
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Figure 4. FT-IR spectrum of BG-nHA biocomposite

specimens prepared before immersion in SBF
Note: FT-IR = Fourier Transform-Infrared Spectroscopy, BG = bioactive
glass, nHA = nano-hydroxyapatite, SBF = simulated body fluid
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Figure 4 shows the FT-IR spectrum of BG-nHA
biocomposite specimens before soaking in SBF. FT-IR
spectrum reveals the distinctive vibration bands of Si—O-Si,
PO+*, OH, and COs> groups. The band at 443 cm™ is
attributed to the symmetric stretching of Si—O-Si, while a
band with 692 cm™ is assigned for the bending vibration of
Si—O-Si. The phosphate (PO+*") band observed at 524, 620,
618, and 1035 cm™ increases in intensity with increasing nHA
content, indicating an increase in phosphate-related bonding
within the composites. The broad bands at 3305-3552 cm™ are
attributed to hydroxyl (OH) groups. The Si—O—Si band is more
pronounced in samples with higher bioactive glass (BG 45S5)
content. As the HA content increases, the intensity of Si—~O—Si
decreases, while phosphate bands become more dominant due
to the higher phosphate content in HA [29]. In addition,
carbonate (COs*") bands at 1387—1394 cm ™ are observed, and
their intensity increases with increasing HA content,
consistent with previous studies [30].

Figure 5 shows the FT-IR Spectrum of (BG-nHA)
Biocomposite specimens after immersion in SBF. Compared
to the spectra obtained before the soaking, there is a clear
difference.

After immersion, the bands of phosphate (P-O) at 576, 918,
and 1039 cm™ become more pronounced, indicating an
increase in the apatite phase because a calcium phosphate layer
formed on the specimen surface. In contrast, Si—O bands at
532, 690, and 732 cm! decrease in intensity, suggesting that
the bioactive glass surface is gradually covered by the newly
formed apatite layer. The carbonate bands at 1427—1456 cm™!
become more evident after soaking, indicating the formation
of carbonated apatite, similar to natural bone mineral. The
hydroxyl band in the range of 3400-3450 cm™ shows
increased intensity with a slight shift to higher wavenumbers,
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which is associated with additional hydroxyl groups formed
during apatite precipitation on the surface. The increase in
phosphate and carbonate bands after SBF soaking confirms the
formation of an apatite layer that likely forms bone and
enhances the bioactivity of BG-nHA biocomposites,
supporting their suitability for bone tissue engineering
applications, consistent with previous studies [30, 31]. FT-IR
assignments of BG-nHA samples before and after soaking in
SBF are summarized in Table 3.
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Figure 5. FT-IR spectrum of BG-nHA biocomposite

specimens prepared after immersion in SBF
Note: FT-IR = Fourier Transform-Infrared Spectroscopy, BG = bioactive
glass, nHA = nano-hydroxyapatite, SBF = simulated body fluid
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Figure 6. FE-SEM images of bioactive glass and the biocomposite disks BG—nHA specimens before immersion in SBF
Note: FE-SEM = Field Emission-Scanning Electron Microscopy, BG = bioactive glass, nHA = nano-hydroxyapatite, SBF = simulated body fluid
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Figure 7. FE-SEM images of bioactive glass and biocomposite disks BG—nHA specimens after 28 days of immersion in SBF
Note: FE-SEM = Fourier Transform-Infrared Spectroscopy, BG = bioactive glass, nHA = nano-hydroxyapatite, SBF = simulated body fluid
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Table 3. FT-IR assignments of biocomposite BG—nHA specimens before and after soaking in SBF

Bands

Wavenumber cm™! Before Soaking

Wavenumber em™! After Soaking

Si—O-Si symmetric stretching 443 690, 732
Si—O-Si vibration bending 692 532
P-O 524, 620, 618, 1035 576,918, 1039
Carbonate groups (COs>") 1387-1394 1427-1456
Hydroxyl group 3305-3352 3400-3450

Note: FT-IR = Fourier Transform-Infrared Spectroscopy, BG = bioactive glass, nHA = nano-hydroxyapatite, SBF = simulated body fluid

Figures 6 and 7 demonstrate the surface morphology of a
BG and the prepared biocomposite specimens (BG-—nHA)
prior to and after soaking in SBF, respectively.

In Figure 6, FE-SEM images show the presence of specific
quantities of porosity, glassy phase, and HA matrix layers.
Additionally, it is observed that heterogeneous surfaces are
composed of particulates with sharp edges and different sizes.
Furthermore, the nHA ratio increases, indicating an increase
in the distribution of P, which is a representative of nHA in the
biocomposites, and Si, which is associated with the BG, which
decreases.

SEM images of the samples immersed in SBF exhibit the
formation of irregular shapes and the growth of grounded nHA
particles. The images demonstrate that a high concentration of
BG in the specimens' contents contributed to the development
of apatite particles on the external surface [32]. BG-nHA
specimens that were immersed in SBF for 28 days exhibited
clear spherical apatite crystals on their external surfaces
(Figure 7).

The biocomposites (Figure 7(b)-(d)) exhibit a melted and
dense structure due to the high content of silica, which
decreases the nucleation process of an apatite layer compared
to other composites. FE-SEM images show that the composite
has a significant amount of particles on its surface, which
demonstrates that the apatite layer has formed slightly.
Additionally, as clearly shown in Figure 7(e), the FE-SEM
image shows the existence of rich spherical shapes stacked
over one another to produce an apatite layer that is similar to
bone.

The apparent porosity and apparent density as an indicator
of nHA contents are presented in Figure 8(a), which
demonstrates that an increase in the amount of hydroxyapatite
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Figure 8. Effects of nHA ratio on (a) apparent porosity and
apparent density, and (b) water absorption ratio of
biocomposite samples

results in a decrease in the porosity, and the concentration of —°
the pores in biocomposite specimens decreased compared to 375 o J'/'/
those without the nHA. The finding can be explained on the 325 4 Ve
basis that the hydroxyapatite particles increased the & /
compactness and enhanced the particles’ bonding. é 275 1 é
Furthermore, decreasing the biocomposites' apparent porosity 2 s /
may be related to the higher density of HA in comparison to E /
that of BG and its ability to fill the voids between the BG o 175 1 ,./
particles, which is consistent with reported data [33, 34]. 125 4 //
The water absorption percentage decreased as the nHA . ?--x_.--.’
content increased, due to the reduction in porosity percentage - 0 5 0 5 20 25 30

as shown in Figure 8(b). The Biocomposites with a higher BG
ratio have a higher water absorption ratio compared to those
without nHA. This is due to the fact that the BG sample
contains Si—O-Si groups, which enhance hydration when
immersed in water and increase its water absorption capacity.

As is obvious in Figure 9, the findings indicated that the
Vickers micro-hardness increased with higher nHA contents
before immersion, attributed to the lower apparent porosity.
Hardness is directly related to density; as density increases,
porosity decreases. This is consistent with the results of
research [35, 36].
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Figure 9. Micro-hardness versus nHA content plot of
biocomposites BG—nHA samples before immersion in SBF

Figure 10 shows the effect of immersion time in SBF
solution on pH value and weight loss after immersion of the
biomolecules (BG—nHA). After one day of immersion, all
samples exhibited a significant increase in pH value, which
was subsequently followed by a slight decrease in pH value
after an extended ageing period of up to 28 days.

The pH variation is mainly attributed to ion exchange



reactions at the BG surface. Cations such as (Na" and Ca?")
diffuse into a solution, while (H" or HsO") ions from the
surrounding medium are incorporated into the glass structure,
leading to an increase in pH [37]. The subsequent decrease in
pH is associated with the precipitation of calcium phosphate
and carbonate compounds. This occurs as equilibrium shifts
toward the formation of solid phases, consuming carbonate
and phosphate ions from the solution, which results in pH
reduction.

During immersion in SBF, surface reactions are influenced
by the incorporation of nHA into the BG matrix. This enhances
nucleation and growth of the hydroxyapatite layer over time,
showing behavior consistent with previous studies [38].
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Figure 10. (a) pH variation with SBF immersion period and
(b) weight loss histogram with SBF immersion duration of
samples prepared with different nHA contents

Figure 10(b) shows the weight loss behavior of the
biocomposites. A rapid weight loss is observed in the early
immersion period, followed by a relatively stable trend up to
7 days. The surface becomes stabilized due to the formation of
an apatite layer, which develops during soaking in SBF. This
continues until minimal weight change is observed. The
presence of calcium phosphate in the composites promotes
hydroxyapatite formation in SBF and enhances the
development of the hydroxyapatite layer after immersion,
consistent with previous reports [39].
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Figure 11. Antibacterial activity of biocomposites BG—nHA against four types of pathogenic bacteria: S. aureus, S. mutans, P.

aeruginosa, and K. pneumoniae
Note: BG = bioactive glass, nHA = nano-hydroxyapatite

Table 4. Antibacterial activity of BG, nHA, and BG-nHA biocomposite samples against four types of pathogenic bacteria

Bacteria Isolates A B C D F.I.% of BG—nHA1 F.1.% of BG—nHA2
S. aureus 6.00 21.33+1.52 14.33 £1.52 13.33 £2.51 -60.01% -7.5%
S. mutans 6.00 17.66 +£3.05 6.00 £ 0.0 6+0.0 -194.33% 0.0%
P. aeruginosa 6.00 22+0.0 15.66 £3.08 15.66 £3.08 -40.48% 0.0%
K. pneumoniae 6.00 18.33 +£1.52 14+2 14.66 +2.08 -25.03% 4.5%

Note: A = Control, B =BG, C =nHA, D = BG-nHA; BG = bioactive glass, nHA = nano-hydroxyapatite, SBF = simulated body fluid, F.I. = formation inhibition
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Figure 11 and Table 4 demonstrate the results of the
antibacterial activity of BG—nHA specimens against four types
of pathogenic bacteria. The results show that the highest effect
was observed with BG alone in the growth of all pathogenic
bacterial species, followed by nHA. When the two substances
were mixed, the BG—nHA composites showed reduced
inhibition compared to pure BG, indicating an antagonistic
effect of the binary mixture. This behavior is mainly attributed
to the reduced BG content in the biocomposite matrix, which
decreases the release of ions (Ca?" and silicate ions) and limits
the increase in pH responsible for antibacterial activity [40].
In contrast, nHA is generally biologically inert in terms of
antibacterial activity and shows limited direct contribution to
bacterial inhibition. Its nanoparticulate form may enable
electrostatic interactions with bacterial cell walls [41], but this
effect remains weaker compared to the ion-release mechanism
of BG. Therefore, nHA incorporation reduces the overall

P. aeruginosa

K. pneumoniae

(e)

antibacterial performance due to dilution of BG activity.
However, it improves other important properties such as
mechanical strength and osteoconductivity, consistent with
previous studies [42]. This was demonstrated by the negative
percentage (F.I) %. The finding showed a highly statistically
significant result at a value of (p < 0.0001). An antagonistic
effect is observed when the combined effect of two agents is
lower than their individual effects when used separately, a
well-known phenomenon in pharmacology [43]. The reduced
antibacterial performance of the BG—nHA system is consistent
with this behavior.

Antibiofilm formation activity for BG-nHA samples
showed a maximum anti-biofilm activity of 92.7% and 86.9%
against S. aureus and K. pneumonia, respectively.
Additionally, BG-nHA significantly reduced biofilm
formation in all tested bacteria, as illustrated in (Figure 12(e)
and (f)), indicating strong anti-biofilm performance.
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Figure 12. Antibiofilm activity of (a) BG, (b) BG inhibiting the ability of bacteria to form a biofilm, (c) nHA, (d) nHA inhibiting
the ability of bacteria to form a biofilm, (¢) BG-nHA, and (f) BG-nHA inhibiting the ability of bacteria to form a biofilm

Note: A- before treatment, B- after treatment; BG = bioactive glass, nHA = nano-hydroxyapatite

This effect is attributed to the partial dissolution of BG—
nHA in aqueous environments, leading to the release of (Na,
Ca?", Si**, and PO+*") ions. This ionic release increases pH and
osmotic pressure, creating an unfavorable environment for
bacterial growth [44, 45].

Furthermore, the presence of nHA contributes to the anti-
biofilm activity by interfering with bacterial cell wall
formation and growth through electrostatic interactions,
reactive oxygen species formation, and possible penetration
into bacterial cells [46]. BG-nHA biocomposites effectively
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reduce bacterial adhesion and biofilm mass, demonstrating
potential for preventing biofilm-associated infections in
biomaterial applications.

Figure 13. Growth curve assay of biocomposites BG—nHA
samples against (A) S.aureus, (B) S. mutans, (C) P.

aeruginosa, and (D) K. pneumoniae
Note: BG = bioactive glass, nHA = nano-hydroxyapatite

Figure 13 shows a decrease in bacterial colony numbers of
P. aeruginosa and K. pneumoniae within the first 30 min of
exposure to BG—nHA. For S. aureus, the colony counts were
initially high but gradually decreased over time, reaching very
low levels after 60 min, indicating a time-dependent
antibacterial effect. In contrast, S. mutans exhibited clear
resistance to this mixture. This resistance may be attributed to
insufficient exposure duration and particle concentration, as
well as to inherent defense mechanisms.

4. CONCLUSION

The dry pressing method and sintering process were utilized
to produce an advanced BG-—nHA biocomposite exhibiting
enhanced mechanical properties and biological performance.
An increasing amount of nano-hydroxyapatite 5, 10, 15, 20,
and 25 wt.% was incorporated into the BG matrix to enhance
bioactivity. The biocomposite containing 25 wt.% nHA and 75
wt.% BG showed the highest weight loss (9.1%), density (1.99
g/cm?), and hardness (388 HV). In addition, the biocomposite
exhibited antibiofilm activity of 92.7% and 86.9% against S.
aureus and K. pneumoniae, respectively. According to these
in vitro findings, the BG-nHA biocomposites demonstrated
enhanced biofunctional performance, indicating their potential
as biomaterials for biomedical applications.
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