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Titanium-based implant materials often suffer from inadequate bioactivity and
postoperative infection, which remain major causes of clinical failure in bone repair. In
this study, a multifunctional TiO,/HAp/Ag nanocomposite was developed utilizing
hydroxyapatite (HAp) derived from bovine bone to enhance bioactivity, antibacterial
performance, and biological safety while maintaining acceptable mechanical properties.
The prepared HAp exhibited a Ca/P molar ratio of 1.67 and an average crystallite size of
48.3 nm, confirming the successful formation of bone-like HAp. The TiO/HAp
composite was subsequently modified with AgNOs; and characterized by X-ray
diffraction (XRD), X-ray fluorescence (XRF), Fourier transform infrared spectroscopy
(FTIR), energy-dispersive X-ray spectroscopy (EDS), and field emission scanning
electron microscopy (FESEM), both before and after immersion in simulated body fluid
(SBF). Before immersion, the surface had a Ca/P ratio of 1.66 (Ca: 6.99 at.%, P: 4.21
at.%). After 14 days of SBF immersion, this ratio shifted to 1.53, with Ca and P contents
increasing to 25.02 at.% and 16.39 at.%, respectively, indicating strong in vitro
bioactivity. The Ag-modified composite also exhibited clear antibacterial activity against
Staphylococcus aureus and Enterococcus faecalis, with inhibition zones of 26 and 25
mm, respectively. Hemolysis testing indicated excellent blood compatibility, with no
detectable hemolytic response under the tested conditions. Mechanical evaluation yielded
a Vickers hardness of 2.93 GPa, a diametral tensile strength of 18.45 MPa, and a
compressive strength of 75.86 MPa. These findings demonstrate that the silver-modified
TiO2/HAp nanocomposite is a promising candidate for bone graft and implant-related

biomedical applications requiring both bioactivity and antibacterial protection.

1. INTRODUCTION

The major challenge facing applications of large segmental
bone grafts is achieving the optimal balance between
mechanical stability and biological integrity, in addition to
resisting surgery-associated bacterial infections that lead to
clinical implant failure [1, 2]. Despite the widespread use of
titanium and its alloys in orthopedic surgery due to their
excellent mechanical properties, titanium is a bioinert material
[3]. This leads to poor direct adhesion to bone tissue and the
formation of fibrous tissue around the implant. To overcome
these obstacles, research has focused on coating these implants
with biomaterials such as hydroxyapatite (HAp) [4]. HAp,
extracted from natural sources such as bovine bone, has a
chemical composition and porous structure that closely
resemble human bone, thus promoting osseointegration [5].

However, the problem of postoperative infection remains,
necessitating the addition of antimicrobial agents to the
biomaterial structure [6]. Silver nanoparticles (Ag) have
emerged as a promising addition due to their superior ability
to inhibit the growth of a wide range of bacteria [7]. Bacterial
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adhesion and biofilm formation on implant surfaces
significantly impede long-term outcomes by protecting
microbes from host immune responses and antibiotic therapies
[8-10]. This has driven the development of multifunctional
implant materials that combine structural strength with long-
lasting antibacterial properties and enhanced tissue integration.

One promising strategy is the incorporation of antimicrobial
agents such as silver into bioactive coatings on implant
surfaces. Silver ions (Ag") and silver nanoparticles (AgNPs)
exhibit broad-spectrum antibacterial activity by disrupting
bacterial cell membranes and inhibiting cellular functions,
making them attractive for preventing implant-associated
infections [11-13]. When integrated into HAp, a calcium
phosphate ceramic with excellent biocompatibility and
chemical similarity to bone mineral, the resulting Ag- doped
HAp coatings have demonstrated enhanced bactericidal
performance while maintaining compatibility with osteogenic
cells [14-16]. For example, multilayer coatings combining
AgNPs with HAp and carbon nanotubes on Ti6Al4V
substrates were found to enhance corrosion resistance and
antibacterial efficacy against Escherichia coli, highlighting


https://orcid.org/0000-0002-9932-0471
https://orcid.org/0000-0003-4065-874X
https://crossmark.crossref.org/dialog/?doi=10.18280/rcma.360208&domain=pdf

the potential of silver-enhanced composites in dental and
orthopedic applications [17]. Similarly, Ag-doped HAp/silica
nanocomposite coatings significantly inhibited bacterial
growth while supporting bioactivity on titanium implant
surfaces in vitro [18]. While silver enhances antibacterial
activity, its cytotoxic effects on mammalian cells must be
carefully balanced. Studies show that controlled silver release
from nanocomposite coatings can inhibit bacterial adhesion
without substantially decreasing the viability of osteoblasts
and other human cell lines, indicating that appropriate dosing
and surface engineering can mitigate cytotoxicity concerns
[19-21]. For instance, the addition of HAp to Ag-coated Ti
implant surfaces enabled primary human osteoblasts to adhere
and exhibit normal morphology and function, suggesting that
HAp can modulate silver release and improve overall
cytocompatibility [22].

Nonetheless, optimizing the distribution and concentration
of silver remains critical to avoid adverse cellular responses.
In addition to biological performance, mechanical properties
such as hardness and compressive strength are paramount for
implants intended to withstand physiological loads. Porous
titanium and Ti alloy-based scaffolds are increasingly
engineered to mimic natural bone mechanical characteristics,
thereby reducing stress shielding and improving
osseointegration [23, 24]. Mechanical surface treatments and
composite coatings have been shown to enhance hardness and
adhesion strength; for example, TiO»/HAp/Ag nanocomposite
coatings on Ti6Al4V substrates increased adhesion strength,
hardness, and corrosion resistance compared to pure HAp
coatings [25]. Such improvements in mechanical behavior are
essential for ensuring durability and stable long-term function
of implants under cyclic loading [26]. Reviews on advanced
surface modification approaches underscore the importance of
integrating antibacterial ion doping with osteogenic surface
cues to promote both infection resistance and bone cell
interaction [27]. Moreover, systematic analyses of metallic
nanoparticle incorporation illustrate that antimicrobial
enhancement can be achieved without compromising essential
physical and mechanical properties [28]. Furthermore,
composite designs integrating Ag/Fe co-doping into porous
scaffolds have shown synergistic antibacterial effectiveness

while maintaining necessary structural characteristics
conducive to bone tissue regeneration [29].
Microwave-assisted synthesis methods for Ti/HAp

composites also highlight the ongoing efforts to improve
interfacial mechanical properties while preserving bioactivity
[30]. Taken together, these studies reveal a clear trend toward
developing multifunctional implant materials that address the
fundamental tradeoffs between antibacterial efficacy,
cytocompatibility, and mechanical performance. In this study,
a 15 wt.% concentration of HAp was strategically selected
based on preliminary optimization experiments. These
experiments demonstrated that 15 wt.% HAp provides the
optimal balance, ensuring sufficient bioactivity for
osseointegration while preserving the structural integrity of the
titanium dioxide (TiO;) matrix. Compositions exceeding this
limit were found to increase the brittleness of the composite,
while lower concentrations failed to produce the desired
biological response. Despite these advancements, a gap
remains in comprehensively evaluating how silver
incorporation affects antibacterial performance, cytotoxicity,
and mechanical integrity within the same experimental
framework, particularly for implants designed to bear
significant loads. Therefore, this study aimed to develop an
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antibacterial agent by grafting the TiO,—HAp substrate with
silver nitrate to fabricate silver-modified porous TiO,/HAp/Ag
composites and systematically characterizes their antibacterial
activity, in vitro cytotoxicity, and mechanical properties,
including Vickers hardness and compressive strength, to
advance multifunctional implant designs for improved clinical
outcomes.

2. MATERIALS AND METHODS

The HAp nanoparticles were synthesized from a natural
source, namely, the bovine bones. There were five animals
whose femoral bones of the femur were used. The bones were
washed thoroughly and then immersed in distilled water for
six hours. All ligaments and cartilage were removed, and the
bones were then re-boiled to ensure complete fat removal. A
dryer was subsequently used at 75 °C for 24 hours. Calcination
was carried out in an electric furnace at 700 °C for four hours.
This was followed by grinding with a DAMFOX rotary center-
blade crusher and sieving with an Azemoun vibratory screen
to obtain HAp nanoparticles. The steps for preparing HAp
from bones up to obtaining the nano-powder are illustrated in
the flow diagram in Figure 1, and the shape of the bones before
and after heat treatment (Supplementary Figure S1).

Prepare bovine bones from five different bodies, and clean
them of fiber, fat, and cartilage.

v

Boil in water for six hours, repeating the process twice.

\

Dy in an electric oven at 75°C for 24 hours.

v

Heat treatment 1 an electric furnace (calcining) ata
temperature of 700°C for 4 hours.

¥

Crushing bones with a hand hammer to obtain small pieces.

v

Grind bones using a central blade grinder for 30 minutes.

v

Screen the powder with a vibrator for 60 minutes using a
sieve with a particle size of less than 100 pm.

Figure 1. The diagram of the preparation of the
hydroxyapatite compound from bovine bones

Commercial TiO,, with a molecular weight of 79.6 g/mol,
supplied by Nano Research USA Ltd., was used. The particle
size was approximately 25 nm. Polyethylene glycol, with a
molecular weight of 6000 g/mol, was employed as a binder in
the preparation of the samples. It was manufactured in
Germany by BASF. To prepare the ceramic composite
samples, the samples were weighed according to the weight



ratio (15 wt.% HAp). Colloidal solutions of TiO, were then
prepared and combined with specified concentrations of HAp.
The powders were dissolved in ethyl alcohol by magnetic
stirring for 30 minutes at 30 °C. An ultrasonic cleaner was then
used for 40 minutes at 30 °C. Finally, filtration was performed

to remove residual ethyl alcohol, yielding a TiO»/HAp powder.

The powders were dried using a dryer at 75 °C for 8 hours. To
obtain porous samples, paraffin wax was incorporated to
prepare them, which were then compressed to 3 tons using a
semi-dry axial press.

The ceramic composite samples were then heat-treated at
750 °C for 1 hour, resulting in stable samples with adequate
density. A schematic diagram of the experimental
methodology can be seen in Figure 2. The preparation method
and the final shape of the samples can be seen in the
Supplementary Figures S2 and S3.
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Figure 2. Schematic diagram of the experimental
methodology

2.1 Alkaline surface activation using sodium silicate

Sodium silicate (Na»SiOs3) solution was prepared using
sodium silicate supplied by Thomas Baker, India, with a molar
mass of 122.0632 g/mol. To prepare a 0.002 M solution,
0.0366 g of sodium silicate was dissolved in 150 mL of
distilled water. The ceramic composite samples were
immersed in the sodium silicate solution for seven days at
36 °C, pH 7.4.

This process represented the alkaline pretreatment stage of
the ceramic composite samples before immersion in simulated
body fluid (SBF). Sodium silicate treatment of the samples is
an alkaline preparatory step to enhance the surface bioactivity
of the ceramic composites before the SBF immersion test. The
alkaline ions activate the surface of TiO, by partially
dissolving its less stable surface fractions and promoting
hydrolysis. This results in the development of active hydroxyl
groups (Ti-OH) [31]. The silicate ions in solution are then
deposited over the active surface, and a protective and
catalytic layer of silica hydrogel is formed. This layer, in
conjunction with hydroxyl groups, provides negatively
charged nucleation sites which are effective and fast in
attracting calcium (Ca?") and phosphate (PO*;) ions from SBF
solution [32]. Therefore, alkaline treatment with sodium
silicate significantly accelerates apatite crystal deposition on
the sample surface.

2.2 In vitro bioactivity evaluation protocol
In vitro bioactivity was evaluated by immersion in SBF

prepared according to the Kokubo protocol [33]. This fluid is
prepared to mimic the ionic concentration of human blood
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plasma. The SBF solution was prepared in the laboratory by
dissolving the salts listed in Table 1. The samples were
incubated at 36.5 °C for 14 days, with solution renewal every
48 h, then rinsed with deionised water and dried at 45 °C. The
Supplementary Figure S4 illustrates a summary of the
synthesis stages and the mechanism of apatite formation.

Table 1. Chemical composition and concentrations for
simulated body fluid (SBF) solution preparation [33]

Reagent Weight
NaCl 7.996 g
NaHCOs 0.350 g
KCl1 0224 g
K:HPOs3H.0  0.228 g
MgClz-6H-0 0.305¢g
1.0 M HCl1 11 cm?
CaClz 0278 g
Naz2S04 0.071¢g
(HOCH:);CNH.  6.057g

2.3 Silver nitrate

Silver nitrate (AgNO3) prepared by Avonchem UK, with a
molecular weight of 169.87 g/mol, was used. To prepare a
0.005 M AgNOs solution, 0.0424 g of silver nitrate powder
was dissolved in 50 mL of distilled water in a volumetric flask
using a magnetic stirrer at 37 °C for 30 minutes. Ceramic
composite samples were immersed in the prepared solution in
an oven at 37 °C for 48 hours. Afterward, the solution was
removed, and the samples were stored in a desiccator at 38 °C
for 24 hours under dark conditions. Following this step,
biological tests were performed by testing the samples on two
different types of bacteria associated with bone implants and
grafts to determine their antibacterial effectiveness, as this
property is essential for biomaterials used in bone replacement.

3. MECHANICAL PROPERTY ASSESSMENT

The ceramic composite (TiO2/HAp) was assessed in terms
of mechanical properties in order to determine the intrinsic
structural integrity of the material and its suitability for use as
a bone substitute. This evaluation involved the measurement
of indentation resistance, indirect tensile strength, and
compressive strength.

3.1 Diametrical tensile strength (Brazilian test)

The diametrical tensile strength (Brazilian test) was used to
determine the indirect tensile fracture resistance of the ceramic
composites. Axial loading was applied along the cylindrical
specimen's diametrical axis until failure. Diametrical tensile
stress was determined with the help of the following equation
[34]:

o = 2F )
D zdD
where,
® op is the diametrical tensile strength (MPa).
e Fis the applied force (N).
e D is the specimen diameter (mm).
e (s the specimen thickness (mm).



3.2 Hardness (Vickers microhardness)

A Vickers microhardness was used to determine hardness.
This is an important property since it shows how the material
will resist permanent plastic deformation (indentation). The
Vickers test is used for ceramic specimens because it is very
precise and can test the brittle nature of the material. A
pyramidal diamond indenter (with an angle of 136°) was
utilized with a given load over a given dwell time. The value
of Vickers hardness was determined by the formula [34]:

_1.854P

H, 7

v

2

where,
e [, is the Vickers hardness (GPa).
e Pis the applied load (Kgf).
e d represents the average length of the long diagonals
(mm).

3.3 Compressive strength

Compressive strength was determined as the maximum
axial stress the ceramic composite can withstand before
structural failure. This test was performed by applying a
uniaxial compressive force perpendicular to the cross-
sectional area of the cylindrical samples using a hydraulic
press at ambient temperature. The compressive strength was
calculated according to the following equation:

3)

where,
® . is the compressive strength (MPa).
e  F'is the uniaxial compressive force (N).
e A is the original cross-sectional area (mm?).

4. BIOLOGICAL TESTS
4.1 Biological antibacterial tests

The method of measurement was the agar well diffusion
method; the Gram-positive bacteria samples used were
Staphylococcus aureus and Enterococcus faecalis. For control
purposes, a bacteria-free culture medium was used to ensure
the purity of the medium. Dimethyl sulfoxide solvent (to
ensure the presence of solvent inhibition).

4.2 Cytotoxicity test by hemolytic assay

The hemolysis technique is regarded as one of the
significant techniques to determine cytotoxicity, as it is based
on the evaluation of the effect of toxic agents on the integrity
of cell membranes and their capability to maintain the internal
elements. This test is specific to the effect of the prepared
compounds on human blood cells and corpuscles in case there
is some kind of contact between the compounds and the blood.
It is a technique based on the capacity of the toxic materials to
damage the cell membranes, which then results in leakage of
the cell contents into the external environment. The amount of

leaked hemoglobin is then measured and this is taken to be a
measure of the degree of toxicity.

The test is performed in two phases:

First, the determination of the concentration of hemoglobin
as a product of hemolysis.

Second, microscopic observation of the look of the cells and
comparison with the positive control, which is a total lysis of
the cells and the phosphate buffer solution (PBS).

The result is described by the hemolytic rate, along with
measuring the absorbance of the hemolysis (leaked
hemoglobin) using a spectrophotometer with an absorbance at
520 nm. On the other hand, the test may reflect the
effectiveness of substances in their anticancer effects on
cancer cells.

5. RESULTS AND DISCUSSION
5.1 X-ray fluorescence

X-ray fluorescence (XRF) was conducted on the
synthesized HAp powder to determine the chemical
composition of the powder, verify the weight proportion of its
constituent elements, and determine the calcium -to-
phosphorus ratio to compare it with the normal ratio in the
bone. The analysis of the test revealed that the prepared
compound is composed of major constituents of CaO (55.10
wt.%) and P,Os (41.73 wt.%). The calculated Ca/P molar ratio
was found to be 1.67. Details of element concentrations and
elemental analysis are provided in the Supplementary (Table
S1).

5.2 X-ray diffraction

X-ray diffraction (XRD) was used to determine the
structural properties of HAp using a 1.54 A copper single-
wavelength spectrometer at 45 kV. The results, presented in
Table 2, summarize the structural parameters of HAp and
compare them with the standard data on the card (JCPDS card
No. 9-432), confirming that the prepared material is HAp, as
illustrated in Figure 3. The interatomic distance (d) values
were calculated using Eq. (4) [35]. The average crystallite size
(C.S) was calculated using Eq. (5) [36], yielding an average
value of 48.3 nm.

Table 2. Structural properties of hydroxyapatite (hexagonal,
Ca;o(PO4)s(OH)2,a=b=9.41 A, c=6.88 A

. . Miller

20 (deg) Cr{g;;‘;;enf)'ze Indices
: (hkl)

3178 484 11)
25.85 50.8 (002)
32.879 49.5 (300)
39.769 44.8 (310)
n A=2d sin @)

where,
e 1 is the order of reflection (integer).
e ) is the X-ray wavelength (A).
e dis the interatomic spacing (A).
e {is the diffraction angle (degrees).

CS=KA/ B COSO (5)



where,

C.S is the crystallite size (nm).

K is the Scherrer constant.

J is the X-ray wavelength (A).

f is the full width at half maximum (FWHM) of the
peak (radians).

6 is the Bragg angle (degrees).
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Figure 3. X-ray diffraction (XRD) spectrum of
Hydroxyapatite Nano composite, Caio(PO4)s(OH)2

5.3 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) spectra

were obtained for all composite ceramic samples (TiO2/HAp)
before and after immersion in SBF, as shown in Table 3 and
Figure 4. FTIR spectra in the wavenumber range 400-4000 cm
! were used to identify the chemical bonds and functional
groups, which exhibited standard bands assigned to different
vibrations. The peaks in the range 3640-3570 cm™ indicate the
presence of a hydroxyl group (OH"). Conversely, the peaks at
1025-1090 cm™ indicate phosphate bonds, suggesting the
presence of calcium phosphate phases such as HAp. Spectral
analysis of the ceramic composite TiO»/HAp revealed fifteen
distinct peaks, representing various chemical bonds and
functional vibrations. The main peaks of HAp in this sample
are located at 1050.96, 1090.328, 634.80, 602.723 cm™'. The
peaks representing free calcium phosphate are observed at
1631.981, 962.876 cm', while the peak 1458.128 cm!
represents di-calcium phosphate. The details of the FTIR
analysis of pure HAp are presented in the Supplementary
(Table S2 and Figure S5).

When comparing the spectral analysis of the same sample
after immersion in SBF for 14 days, a significant reduction in
the number of peaks was observed. Consequently, certain
chemical bonds disappeared, including the peaks associated
with free calcium phosphate. However, one peak indicating di-
calcium phosphate remained, along with three prominent
peaks representing HAp, as detailed in Table 4 and Figure 5.

Table 3. Fourier transform infrared spectroscopy (FTIR) analysis of the ceramic composite (TiO2/15% HAp) before immersion
in simulated body fluid (SBF)

Peak No.  Absorption Peak (cm™') Bond Type Vibration Mode Intensity
1 3428.93 OH Stretching Strong
2 292437 C-H Stretching Medium
3 2853.86 C-H Stretching Medium
4 2014.04 C-0 Overtone combination Weak
5 1740.63 Cc=0 Stretching Strong
6 1631.98 C-O-H Bending Medium
7 1458.12 C-0 Bending Medium
8 1413.10 C-O0 Bending Weak
9 1384.94 C-H Bending Weak
10 1090.77 P=0 Stretching Medium
11 1050.96 P=0 Stretching Strong

12 962.87 P-O Stretching Weak
13 634.83 P-O Bending Weak
14 602.72 P-O Bending Weak
15 572.26 P-O Bending Weak

Table 4. Fourier transform infrared spectroscopy (FTIR) analysis of the ceramic composite (Ti0»/15% HAp), after immersion in
simulated body fluid (SBF)

Peak No. Absorption Peak (cm™) Bond Type Vibration Mode Intensity
1 3434.22 OH Stretching Strong
2 2925.50 C-H Stretching Medium
3 2854.50 C-H Stretching Medium
4 1631.54 C-O-H Bending Medium
5 1458.16 C-O Bending Weak
6 1091.26 P=0 Stretching Medium
7 1052.23 P=0 Stretching Strong
8 602.79 P-O Bending Weak
9 572.16 P-O Bending Weak

Table 5. Surface chemical composition and Ca/P molar ratio of TiO2/HAp composite before and after immersion in simulated

body fluid (SBF)
Surface Chemical State Ca/P Molar Ratio P (at.%) Ca (at.%) Ti (at.%) Condition
(TiO2/HApD) 1.66 4.21 6.99 48.6 Pre-immersion
Bone-like Apatite Formation 1.53 16.39 25.02 41.2 Post-immersion
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Figure 4. Fourier transform infrared spectroscopy (FTIR) for
the ceramic composite (TiO2-15% HAp), pre-simulated body
fluid (SBF)
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Figure 5. Fourier transform infrared spectroscopy (FTIR) for
the ceramic composite (TiO»-15% HAp), post-simulated
body fluid (SBF) for 14 days

(®)

Figure 6. Energy-dispersive X-ray spectroscopy (EDS)
spectra of the TiO»/HAp composite (a) before immersion in
simulated body fluid (SBF) and (b) after immersion in SBF

5.4 The energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) results for as-
prepared TiO»/HAp ceramic composite before and after
immersion in SBF are presented in Table 5 and Figure 6.
Analysis of the pre-immersion sample revealed a calcium-to-
phosphorus (Ca/P) molar ratio of 1.66, which corresponds to
the optimal value for HAp. Post-immersion spectral analysis
indicated that the phosphorus-to-calcium ratios doubled
compared to initial levels. This increase suggests the formation
of a dense apatite layer, demonstrating the high bioactivity of
the titanium surface within the 14-day immersion period.

5.5 Field effect scanning electron microscope

Field emission scanning electron microscopy (FESEM)
analysis was performed on the (TiO2/HAp) ceramic composite
samples to evaluate their surface morphology before
immersion in SBF. The samples exhibited a particle size of
around 50 nm, characterized by tightly packed grains with
minimal aggregation. Furthermore, a distribution of pores
between the grains was also observed. The samples were heat-
treated at 750 °C to enhance the grain density while
maintaining sufficient porosity. This porous structure is
designed to promote bone cohesion, fluid flow, and ion
movement, thereby facilitating the development of a natural
apatite layer.

The heat treatment regime also resulted in particle fusion
and cohesion, reducing inter-particle distances and achieving
a suitable density while maintaining porosity. Figures 7 and 8
show FESEM images of the ceramic composite samples
(TiO2/HAp) before and after immersion in SBF for 14 days.
The images reveal small, white, scattered grains on the surface,
which are deposits resulting from the accumulation of calcium
and phosphate ions after immersion in the SBF.

5.6 Mechanical performance evaluation

The mechanical characteristics of the ceramic composite
TiO2/HAp were determined after heat treatment at 750 °C. H,
was determined as a quantitative parameter of the resistance of
the material to permanent plastic deformation under
concentrated stress. Upon the application of the test and
calculation of the results based on Eq. (2), it was found that
the composite has a H, value of 2.93 GPa. In order to
determine the fracture resistance of the material to tensile
stresses, a Brazilian tensile test was conducted [37-39].
Calculations from Eq. (1) showed a tensile strength of 18.45
MPa. Moreover, the compressive strength was found to be
75.86 MPa after the application of Eq. (3).

5.7 Antibacterial test evaluation

The biological activity of the prepared ceramic composites,
composed of TiO; replaced with varying weight percentages
of HAp (15 wt.% HAp) and saturated with 0.005% AgNOs,
was evaluated after immersion in a SBF for 14 days. The result,
presented in Table 6, demonstrates that TiO, and HAp control
samples exhibited no antibacterial activity due to their
biologically inert nature. Furthermore, Figure 9 demonstrated
that the ceramic composite samples exhibit antimicrobial
activity against Gram-positive bacteria (Staphylococcus
aureus and Enterococcus faecalis), with inhibition zone
diameters ranging from 25 to 25 mm (Figure 9).
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Figure 7. Field emission scanning electron microscopy
(FESEM) images of the TiO»/HAp ceramic composite, pre-
immersion in SBF at different magnifications (see Figure S6)

Table 6. Antibacterial activity of (TiO»/HAp/Ag) compounds
against Gram-positive bacteria based on inhibition zone
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Sample AgNOs3 Activity-Inhibition
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Figure 8. Field emission scanning electron microscopy
(FESEM) images of the TiO2/HAp ceramic composite, post-
immersion in SBF at different magnifications (see Figure S7)

5.8 Cytotoxicity test by hemolysis assay

A hemolysis assay was performed to evaluate the
compatibility of the synthesized bioceramic composites
(TiO2/HAp/Ag) with blood, as shown in Table 7, which
represents the percentage of human red blood cell hemolysis
induced by these composites. The symbol (N.H) indicates no
hemolysis, confirming the absence of cytotoxicity. This was
further verified by observing the color change in the test tubes
containing the material and a suspension of purified human red



blood cells, compared to the positive control sample (*C).
After two hours of incubation, neither sample showed
hemolysis, as shown in Figure 10(a) and Table 8, which
presents the change in absorbance values at a wavelength of
540 nm. This is evident from the lack of the dark red color in
the upper liquid, whereas the positive control sample exhibited

(2)

intense redness as a result of total cell hemolysis. The Blood
assay is shown in Figure 10(b). Microscopic analysis of blood
samples was performed; the red blood cells did not exhibit
toxic or hemolytic effects from the compounds, and their
biconcave shape was maintained, and no evidence of
membrane rupture or shrinkage was detected.

“(b)

Figure 9. Antibacterial activity of TiO2/HAp/Ag ceramic composite against: (a) Staphylococcus aureus and (b) Enterococcus
faecalis

(b)

Figure 10. Hemolysis assay and microscopic evaluation of red blood cells: (a) Optical micrographs of cells incubated with
TiO2/HAp/Ag for 2 hours, showing maintained morphology; (b) Qualitative hemolysis results in test tubes containing the
chemical additive and purified blood cell solution, after incubation for 2 hours

Table 7. Percentage of human red blood cell hemolysis (hemolytic rate) induced by the TiO2/HAp (A) and TiO./HAp /Ag (B)
composites

Concentrations Hemolysis Rate of Samples HR% + Control - Control

A
1/10 N.H
1/100 N.H
1/1000 N.H
1/10000 N.H
1/100000 N.H

B
N.H 100% N.H
N.H 100% N.H
N.H 100% N.H
N.H 100% N.H
N.H 100% N.H

Table 8. Absorbance values of the TiO»/HAp/Ag composite at 540 nm across varying concentrations

Concentrations Absorption
1/10 0.6
1/100 0.6
1/1000 0.6
1/10000 0.6
1/100000 0.6
Positive control 1.25 nm
Negative control 0.6 nm

Note: Absorbance is unitless; values for positive and negative controls are reported as measured

310



6. DISCUSSION

6.1 Structural properties of HAp (X-ray fluorescence and
X-ray diffraction)

XRF analysis demonstrated that the HAp prepared from
bovine bones exhibited high purity. The Ca/P molar ratio was
Ca/P = 1.67, consistent with reference values and the standard
ratios of minerals found in natural bone [39]. The results
confirmed the presence of naturally occurring elements such
as Na and Mg, which cannot be obtained through the synthetic
preparation of HAp. UV Magnesium is essential for
stimulating cell division and tissue growth, while sodium
directly contributes to ion exchange. Maintaining a standard
balance of minerals is crucial for ensuring the biological
stability of implants when placed in biological systems.

XRD results of the prepared HAp powder confirmed its high
degree of crystallinity, and the diffraction peaks obtained
corresponded to the chemical formula of HAp
(Cajo(PO4)s(OH),). This indicates the success of the heat
treatment in removing the organic components present in the
bovine bones.

6.2 Chemical bonding and stability analysis (Fourier
transform infrared spectroscopy)

FTIR spectroscopy results confirmed the successful
incorporation of HAp within the TiO, matrix. The clear
appearance of phosphate (PO+*") and hydroxyl (OH") group
peaks after sintering directly reflects the thermal stability of
the nanocomposite. The presence of 15 vibrational peaks
before immersion in the SBF indicates a complex chemical
environment among the composite components.

The decrease in the number of peaks to nine vibrational
peaks after 14 days of immersion in SBF suggests chemical
reactions resulting from the formation of a new apatite layer
on the material surface. The detection of dicalcium phases in
addition to HAp is a strategic advantage, as these phases
contribute to accelerating ion exchange upon contact with
body fluids. This early chemical reaction paves the way for the
formation of the bio-calcium-deficient hydroxyapatite (CDHA)
layer.

6.3 Interpretation of energy-dispersive X-ray spectroscopy
and bioactivity mechanisms

The Ca/P ratio after immersion suggests that the material
possesses a higher surface energy, which enhances bone
conduction. This allows the material to dissolve slowly,
enabling normal bone growth within it. The release of calcium
ions effectively stimulates osteoblasts. The stable Ca/P molar
ratio of 1.53, along with the spherical shape observed by
FESEM, confirms the formation of CDHA. This phase

resembles the natural mineral found in mammalian bones,
indicating the high bioactivity of the treated titanium surface
and its potential to form strong chemical bonds with bone
tissue in the future, making it a possible application as a graft
for treating bone defects.

The rapid apatite layer formation can be attributed to the
synergistic effect of alkaline treatment with sodium silicate
and the use of high-purity, biologically derived HAp
containing Na, Mg, and other elements not present in
commercially available HAp. Furthermore, the silicate
treatment significantly contributed to the formation of silanol
(Si-OH) groups on the titanium surface, which act as active
sites for crystal nucleation. This gives the surface a negative
charge that attracts calcium ions (Ca?") from the SBF solution.
The accumulation of positive charges also attracts phosphate
ions (PO+*"), thus stimulating the deposition of a CDHA layer
[37]. The shift in the Ca/P ratio to 1.53 indicates a high degree
of ion exchange, which increases the surface energy and
thermodynamic solubility of the formed layer. This, in turn,
enhances osteoconductivity by creating a more dynamic
interface for protein uptake, a prerequisite for successful
osteointegration in clinical applications [38].

6.4 Mechanical properties discussion

The orthopedic composites should be evaluated
mechanically to determine their suitability. The high gain in
penetration resistance is explained by the interconnected
internal strengthening mechanism. The phase composition can
explain the growth in tensile strength. The quantity of HAp
employed, the sintering temperature (750 °C), and the
optimum dispersion of the HAp particles all helped to enhance
the fracture resistance of the material by enabling a crack
deflection mechanism.

This process directs cracks on the microscopic scale on a
zigzag course, which consumes more fracture energy and
minimizes the chances of catastrophic failure. Compressive
strength, which is an important mechanical property in
determining the aptitude of a material to be used as a bone
implant, was measured. This value is used to show the
compressive strength against the axial forces of the material
that can resist structural failure. Load-bearing bone
applications need to be stable in the long term [40].

The value is in line with the outcomes of other mechanical
tests and puts the material in the range of strength needed in
bone implants. This is within the high range of cancellous bone
(2-50 MPa) and close to the lower range of cortical bone (100-
230 MPa) [41]. The mechanical properties of the current study
were compared with those of normal bone and reference
studies in Table 9. This minimizes the chance of the so-called
stress shielding effect, which may cause the surrounding bone
to resorb, hence demonstrating the mechanical efficiency of
the material in the biological setting.

Table 9. Comparison of the mechanical properties of the current study with the physiological ranges of cortical and cancellous

bone
Ref. Vickers Hardness (GPa) Tensile Strength (MPa) Compressive Strength (MPa) Material
- 2.93 18.45 75.86 Current Study (TiO2/HAp/Ag)
[42] 0.39-0.60 10-30 100-230 Human Cortical Bone
[42] -—- 1-5 2-50 Human Cancellous Bone
[43] 2.1-3.8 8.5-15.0 65.4-95.2 TiO2/HAp Bioceramic
[44] 2.5-3.2 -—- 72.0-88.5 TiO2/nHAp Composite
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6.5 Antibacterial mechanisms and synergistic effects

This experiment sought to examine how the structural and
compositional characteristics of the composites influenced the
antimicrobial activity of the composites. The formation of
transparent halos around wells on Mueller-Hinton plates
suggests the potential of the composites to inhibit bacterial
growth, with wider halos indicating stronger antibacterial
activity. The three ceramic composite components exhibit a
significant synergistic effect in this antibacterial action. The
silver nitrate particles facilitate the formation of Ag*, which
can react with the bacterial cellular components, e.g., proteins
and DNA, thereby interfering with the essential processes in
the cells and causing their death.

TiO; also has photo-catalytic and oxidative characteristics,
which generate reactive oxygen species (ROS), which disrupt
the cell wall of bacteria and enhance membrane permeability
[45]. HAp is a biocompatible, porous material that enhances
surface adhesion, providing a larger surface area for the
gradual release of Ag" and thereby sustaining the antibacterial
effect over time [46].

The improved functional performance of the TiO»/HAp/Ag
ceramic composite is primarily due to its regular porous
structure and the balanced distribution of AgNPs within
interconnected pores. These pores act as reservoirs, allowing
the diffusion of biological fluids and ions. This behavior
enables the stable release of Ag* rather than a rapid and sudden
release. The surface porosity creates a controlled pattern of
Ag" release, thus maintaining an effective concentration for a
longer period.

Furthermore, immersion in SBF for 14 days resulted in the
formation of a CDHA layer, which further stabilizes the
ceramic composite surface. This layer enhances bioactivity
because CDHA tends to be more reactive than HAp, acting as
a diffusion barrier that regulates ion exchange. This ensures
sustained  antibacterial activity. The dual-functional
performance of this composite, which combines high
biological activity and a chemical composition similar to the
mineral phase of natural bone, in addition to a porous structure
that contributes to bone conduction and antibacterial activity,
gives this composite high efficiency that makes it suitable for
bone grafting applications [47].

6.6 Hemocompatibility and toxicity discussion

The absence of hemolysis indicates the absence of
cytotoxicity. Microscopic analysis was performed to establish
that the compounds did not influence cell morphology. This
high compatibility with blood is explained by the synergistic
physicochemical interaction of the constituents. HAp creates a
non-toxic, stable and inert surface, which limits direct contact
with red blood cells [48-50].

7. CONCLUSIONS

This study successfully prepared a high-purity, biogenic
HAp nanocomposite from sustainable natural sources. It also
developed a ceramic composite (TiO/HAp/Ag) with
enhanced functional properties. This composite combines
rapid bone fusion, resistance to bacterial infection, and
mechanical properties compatible with cancellous bone, while
exhibiting no toxicity to red blood cells.

The synthesized ceramic composite possesses promising
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properties, making it suitable for medical applications as a
bone graft that stimulates autologous bone tissue healing
through a precise biomimetic mechanism.
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Original cross-sectional area (mm?)
Specimen diameter (mm)

The order of reflection (integer)

The crystallite size (nm)

Vickers hardness (GPa)

Applied load (for hardness/ strength) (Kgf)
Average diagonal length of indentation (mm)
Calcium-to-phosphorus molar ratio
Inhibition zone diameter (mm)
Compressive strength (MPa)

Tensile strength (MPa)

Greek symbols

o
B

A

Bragg diffraction angle (Degree)

Full width at half maximum (FWHM),
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X-ray wavelength, nm

Abbreviations

wt.%
at.%
HAp
TiO;
AgNO;
SBF
XRD
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FTIR
EDS

Weight percentage

Atomic percentage

Hydroxyapatite

Titanium dioxide

Silver nitrate

Simulated body fluid

X-ray diffraction

Field emission scanning electron microscopy
Fourier transform infrared spectroscopy
Energy-dispersive X-ray spectroscopy



APPENDIX

Figure S1. (A) The shape of the bones before heat treatment, (B) The shape of the bones after heat treatment, (C) Hydroxyapatite
(HAp) powder prepared in the laboratory

Experimental Methodology

Functional and Bio-kinetic Assessment

——— Synthesis & Fabrication

Figure S2. Schematic diagram of the experimental methodology, including the extraction of biogenic HAp, compound synthesis,
biorecruitment protocols, and mechanical properties
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Figure S3. Steps for preparing the ceramic composite (TiO2/HAp)

Study Methodology and Results of Apatite Formation After Immersion in Simulated Body Fluid

Sample Preparation Simulated Body Fluid Immersion Apatite Formation Process
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Figure S4. A summary of the synthesis stages and the mechanism of apatite formation
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Figure S5. Fourier transform infrared spectroscopy (FTIR) for the pure HAp

Table S1. X-ray fluorescence (XRF) results showing the percentages of Hydroxyapatite powder elements

Symbol Element Concentration (wt.%)

MgO Magnesium 3.06
P20s Phosphorus 41.73
Cl Chlorine 0.06
CaO Calcium 55.10
Ba Barium 0.03
Zn0O Zinc 0.01
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Others*  Trace elements 0.01
Total 100.00

Note: *Others include trace amounts of Al, Si, S, K,Na,Zr and Ti. **The molar ratio was derived from XRF oxide weights by converting CaO and P,0s to their
respective molar quantities (nc, and np), resulting in a stoichiometric ratio of 1.67

Table S2. Fourier transform infrared spectroscopy (FTIR) analysis of pure HAp

Peak Number X (cm?) Y (%T)

1 3436.07 59.80
2 2924.72 58.39
3 2854.10 62.40
4 2016.68 65.89
5 1631.34 62.42
6 1465.18 62.17
7 1384.90 62.40
8 1090.71 52.36
9 1048.62 48.04
10 962.10 62.44
11 873.79 66.67
12 632.15 62.70
13 603.05 59.28
14 571.56 58.57
15 467.10 66.68

SEM MAG: 70.0 kx WD: 5.68 mm MIRA3 TESCAN| SEM MAG: 135 kx WD: 5.68 mm 11 | MIRA3 TESCAN
Det: SE SEM HV: 15.0kV 500 nm Det: SE SEMHV: 15.0kV 200 nm
Date(m/dly): 03/17/25 SUT - FESEM Date(midly): 03/17/25 SUT - FESEM

SEM MAG: 35.0 kx WD: 5.68 mm | | MIRA3 TESCAN| SEM MAG: 5.00 kx WD: 5.68 mm | MIRA3 TESCAN

Det: SE SEMHV: 150KV | 1pm Det: SE SEMHV: 15.0kV 10 pm
Date(m/dly): 03/17/25 SUT - FESEM Date(m/dly): 0317125 SUT - FESEM

Figure S6. Field emission scanning electron microscopy (FESEM) images of the TiO2/HAp ceramic composite before immersion
in the simulated body fluid (SBF)
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SEMMAG: 70.0kx | WD: 4.76 mm

Det: SE SEM HV: 15.0 kV 500 nm Det: SE SEM HV: 15.0 kV 200 nm
Date(m/dly): 04/13/25 Date(m/dly): 04/13/25

“ R, A B 3
WD: 4.76 mm MIRA3 TESCAN SEM MAG: 2.50 kx WD: 4.76 mm
Det: SE SEMHV: 150KV 50 pm Det: SE SEMHV: 15.0kV 20 pm
Date(m/dly): 04/13/25 SUT - FESEM Date(m/dly): 04/13/25 SUT - FESEM

Figure S7. Field emission scanning electron microscopy (FESEM) images of the TiO2/HAp ceramic composite after immersion
in the simulated body fluid (SBF)
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