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ABSTRACT. Bone tissue regeneration remains a major clinical challenge due to limitations of conventional grafts
and synthetic scaffolds, including poor bioactivity and infection risks. To address these issues, silver-doped
amorphous silica (Ag-aSiO,) nanocomposites were synthesized via a sol-gel method and systematically
characterized. Structural and morphological features were confirmed using FTIR, XRD, SEM, and nitrogen
adsorption analysis, revealing successful silver incorporation within the silica matrix while preserving its amorphous
structure and high surface area. Antibacterial efficacy was evaluated against S. aureus using the disc diffusion assay,
where 10 wt.% Ag-aSiO, exhibited a clear inhibition zone (8.06 + 0.04 mm), confirming strong antimicrobial
activity absent in pure silica. Bioactivity studies in simulated body fluid (SBF) demonstrated robust hydroxyapatite
(HA) formation, verified by SEM, EDX, and XRD, indicating excellent osteoconductive properties. The synergistic
combination of amorphous silica’s high surface area and silver’s antibacterial action resulted in a multifunctional
scaffold with dual benefits, which are effective infection control and enhanced mineralization for bone repair. These
findings establish Ag-aSiO; as a promising candidate for bone tissue engineering applications, integrating structural
support, osteoconductivity, and antimicrobial protection. Future studies will focus on in vivo validation and clinical
translation, with emphasis on optimizing silver release kinetics and long-term biocompatibility.
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INTRODUCTION

Bone tissue regeneration remains a major clinical challenge due to the increasing incidence of
fractures, trauma, tumor resection, and degenerative diseases such as osteoporosis. Conventional
strategies, including autografts and allografts, are limited by donor site morbidity, limited
availability, risk of immune rejection, and potential disease transmission. Synthetic materials,
while structurally tunable, often lack intrinsic bioactivity and antimicrobial protection, leading to
post-surgical infections and implant failure [1]. Therefore, the development of multifunctional
biomaterials that combine osteoconductivity with infection control is of paramount importance.
Among emerging nanomaterials, amorphous silica nanoparticles (aSiO;) have attracted
considerable attention due to their high surface area, tunable porosity, chemical stability, and
excellent biocompatibility [2]. Their abundant silanol (Si—-OH) groups facilitate surface
functionalization and biomineralization, making them suitable platforms for bone tissue
engineering and drug delivery applications [3]. However, pristine silica lacks inherent
antibacterial properties, which limits its effectiveness in preventing implant-associated infections.
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Silver (Ag) is well known for its broad-spectrum antimicrobial activity against Gram-positive and
Gram-negative bacteria, including antibiotic-resistant strains [4]. Its bactericidal effects are
primarily attributed to Ag* ion release, reactive oxygen species (ROS) generation, and membrane
disruption [5]. To harness these properties while minimizing cytotoxicity, researchers have
incorporated silver into nanostructured carriers, particularly silica-based systems. For instance,
controlled-shape silver—silica nanostructures synthesized via combined sol-gel and reduction
approaches have demonstrated stable silver dispersion and enhanced antimicrobial efficiency [6].
Similarly, silver-doped bioactive glass and silica-derived systems have shown improved
antibacterial performance while maintaining bioactivity for tissue engineering applications [7].
Porous silicon and silica nanocarriers loaded with silver have also been reported to enable
sustained ion release, reducing burst toxicity and prolonging antibacterial efficacy [8].

Embedding silver within an amorphous silica matrix offers several advantages compared to
both conventional silver salts and alternative delivery platforms. Unlike direct silver nanoparticle
administration, which may suffer from aggregation and uncontrolled ion release, silica matrices
provide spatial confinement, prevent particle agglomeration, and enable controlled Ag* release
kinetics. Compared to polymeric carriers or hydrogel-based systems, silica nanoparticles exhibit
superior structural stability, higher surface area, and enhanced resistance to enzymatic degradation
[9,10]. Furthermore, in contrast to crystalline silica, amorphous silica demonstrates improved
biodegradability and lower long-term toxicity, making it more suitable for biomedical use [10].

Importantly, silica-based systems can simultaneously promote hydroxyapatite (HA) formation
through surface silanol groups that act as nucleation sites, thereby enhancing osteoconductivity
[11,12]. When combined with silver, this creates a dual-functional platform capable of both
stimulating bone mineralization and preventing bacterial colonization, a synergistic approach not
readily achieved by conventional grafts or single-function biomaterials. In this study, we report
the synthesis of silver-doped amorphous silica (Ag-aSiO;) nanocomposites via a sol-gel method
and systematically evaluate their structural, antibacterial, and in vitro bioactive properties. The
approach aims to balance antimicrobial efficacy with preserved bioactivity, addressing the critical
challenge of infection-associated implant failure while supporting bone regeneration.

EXPERIMENTAL
Materials

Tetracthyl orthosilicate (TEOS, > 99% purity, analytical grade) was purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used as the silica precursor. Cetyltrimethylammonium bromide
(CTAB, > 99% purity, analytical grade) was obtained from Merck (Darmstadt, Germany) and
served as the structure-directing agent. Silver nitrate (AgNOs, > 99.9% purity, analytical grade)
was supplied by Sigma-Aldrich (St. Louis, MO, USA) and used as the silver source for doping.
Absolute ethanol (> 99.8% purity, analytical grade) was procured from R&M Chemicals
(Selangor, Malaysia) and used as a solvent. Aqueous ammonia solution (NH3, 25 wt.%, analytical
grade) was obtained from Merck (Darmstadt, Germany) and used as a catalyst in the sol-gel
process. Deionized (DI) water with a resistivity of 18.2 MQ-cm was used throughout all synthesis
and washing procedures.

For antibacterial studies, nutrient agar powder (microbiological grade) was purchased from
Oxoid Ltd. (Hampshire, UK). The Gram-positive bacterial strain Staphylococcus aureus (MTCC
1303) was obtained from the Microbial Type Culture Collection (MTCC), Chandigarh, India.
Gentamicin discs (10 pg/disc, pharmaceutical grade) were used as positive control and were
supplied by Oxoid Ltd. (Hampshire, UK). Sterile distilled water was used as the negative control.
Simulated body fluid (SBF) was prepared according to standard protocol using analytical-grade
reagents, including sodium chloride (NaCl, > 99%), sodium bicarbonate (NaHCOs, > 99.7%),
potassium chloride (KCl, > 99%), dipotassium hydrogen phosphate (K;:HPO4-3H,0, > 99%),
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magnesium chloride hexahydrate (MgCl,-6H,0, > 99%), calcium chloride (CaCl,, > 99%),
sodium sulfate (Na;SOs, > 99%), and tris(hydroxymethyl)aminomethane (Tris, > 99.8%), all
purchased from Merck (Darmstadt, Germany). Hydrochloric acid (HCI, 1M, analytical grade,
Merck, Germany) was used to adjust the pH of SBF to 7.4. All chemicals were used as received
without further purification unless otherwise specified.

Method
Preparation of Amorphous Silica and Ag-doped Amorphous Silica nanocomposite particles

The synthesis procedure was adapted from previously reported sol-gel methodologies for
amorphous silica and silver-silica nanostructures, involving TEOS hydrolysis—condensation
under alkaline conditions with CTAB as a structure-directing agent, followed by in situ silver
incorporation within the silica matrix [13,14]. A 150 mL solution containing 125 mL water
(83.33% v/v), 15 mL ethanol (10.00% v/v), 10 mL aqueous ammonia (6.67% v/v), and 12.50 g
CTAB was stirred at 300 rpm using a magnetic stirrer (IKA RCT Basic, IKA-Werke GmbH and
Co. KG, Germany) and maintained at 25 °C for 10 minutes to ensure complete dissolution of
CTAB. Subsequently, 10.00 g of TEOS was added, and the mixture was stirred for an additional
two hours under the same conditions. The solution was left undisturbed for five days at 90 °C to
allow material maturation. The resultant material was washed with pure ethanol to remove
residual reactants, dried at 40 °C for one hour in a convection oven (Memmert UF55, Memmert
GmbH, Germany), and calcined at 550 °C for six hours to remove the organic template and
stabilize the silica structure. The final product was ground and sieved through a < 100 um mesh
sieve (Endecotts, Endecotts Ltd., UK) to obtain fine particles of amorphous silica (aSiO,) powder.
A similar method was used to prepare Ag-doped amorphous silica nanoparticles, except that 0.1,
0.3, and 0.5g of silver nitrate (AgNO3) were added after TEOS to prepare Ag-doped amorphous
silica powder. AgNO; was added as Ag source at nominal loadings of 0.1, 0.3, and 0.5 g. The
samples are denoted as 10wt.%Ag-aSiO,, 30wt.%Ag-aSiO,, and 50wt.%Ag-aSiO,. These Ag
doping levels were selected based on previously reported literature suggesting that silver
concentrations in the range of 2-50 wt.% provide an effective balance between antibacterial
efficacy and acceptable cytotoxicity, while spanning a broad loading range to investigate [15, 16].
To ensure sample integrity and reproducibility, all synthesized materials were stored under
rigorously controlled conditions immediately following the final vacuum drying step. Samples
were transferred to sterile, amber-colored polypropylene screw-cap tubes (2.0 mL) to provide
chemical inertness and protect the silver nanoparticles from light-induced degradation. The sealed
tubes were further wrapped with Parafilm M® and placed inside a sealed desiccator cabinet
containing indicating silica gel desiccant to maintain a moisture-free environment. This desiccator
was stored in a laboratory at room temperature (25 °C). All experimental characterizations
presented in this work were conducted within four weeks of synthesis to minimize any potential
effects of sample aging.

Characterization

The chemical and functional properties of the nanoparticles were analyzed using Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron
microscopy (SEM). FTIR spectra were obtained in transmittance (%) mode using a Bruker Tensor
27 spectrophotometer (Bruker Optik GmbH, Germany) over the range 400-4000 cm™. XRD
analysis was conducted using a Siemens Kristalloflex D500 diffractometer (Siemens AG,
Germany) with CuKo irradiation (A = 1.5406 A), operating at 40 kV and 25 mA, scanning within
the range of 10-80° with a scan step of 0.05°. SEM analysis was performed using a TESCAN
MIRAZ3 field emission scanning electron microscope (TESCAN, Czech Republic), with samples
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coated with gold prior to examination. Nitrogen adsorption analysis was carried out using a
Micrometrics ASAP 2010 instrument (Micromeritics Instrument Corporation, USA) at -196 °C
(boiling temperature of liquid nitrogen) to determine surface area and porosity. The sample
(0.5 g) was outgassed at 120 °C for 5 hours and cooled to room temperature under vacuum prior
to measurement. The Brunauer—-Emmett-Teller (BET) surface area, total pore volume, and
average pore diameter were determined from the adsorption—desorption isotherms.

Antibacterial assay

The antibacterial efficacy of the nanocomposites was evaluated using the disc diffusion technique
against Gram-positive Staphylococcus aureus (MTCC1303, Microbial Type Culture Collection,
Institute of Microbial Technology, Chandigarh, India), maintained on nutrient agar (HiMedia
Laboratories, India) at 37 °C. Bacterial cultures were grown overnight in nutrient broth at 37 °C
with shaking at 150 rpm to a density of 1x10° cells/mL, verified by turbidity matching the 0.5
McFarland standard. Nutrient agar plates were coated with 200 pL of the bacterial suspension and
sterile powder samples (30 mg each) were placed directly on the agar surface. The plates were
incubated at 37 °C for 24 hours, and inhibition zones were measured in triplicate (n = 3) using a
digital vernier caliper (Mitutoyo CD-6", Mitutoyo Corporation, Japan). Results are reported as
mean + standard deviation. For minimum inhibitory concentration (MIC) determinations, the
assays were performed in 96-well microtiter plates using Mueller-Hinton Broth (MHB), in
accordance with Clinical and Laboratory Standards Institute (CLSI) guidelines [17]. For agar
diffusion assays, Mueller-Hinton Agar (MHA) plates were used. Bacterial incubations were
performed under aerobic conditions at 37 °C. Only S. aureus (Gram-positive) was tested in this
study as a preliminary evaluation of antibacterial potential.

Bioactivity for bone tissue regeneration

The in vitro bioactivity of the nanoparticles was assessed using simulated body fluid (SBF)
immersion tests. Simulated body fluid (SBF) with ion concentrations nearly equal to those of
human blood plasma was prepared following the method described by Kokubo and Takadama
[18]. The preparation was carried out under sterile conditions in a laminar flow hood to minimize
contamination. All reagents used were of analytical grade, and deionized water (resistivity >18.2
MQ-cm) was used for all solution preparations.

The SBF was prepared by dissolving reagent-grade NaCl (8.035 g), NaHCO; (0.355 g), KCI
(0.225), K;HPO4-3H,0 (0.231), MgCl,-6H,0 (0.311 g), CaCl, (0.292 g), and Na,SO4 (0.072 g)
sequentially in 1000 mL deionized water and buffered to pH 7.4 with
tris(hydroxymethyl)aminomethane (6.118 g) and 1 M HCI. Each reagent was completely
dissolved before the next was added in the order listed. The solution was maintained at
37 + 0.5 °C throughout the preparation process using a thermostatically controlled water bath.
The pH was monitored continuously using a calibrated pH meter (SevenExcellence S470, Mettler-
Toledo GmbH, Switzerland). After the pH was stabilized at 7.40, the freshly prepared SBF was
used immediately for bioactivity studies to ensure ion concentrations remained stable.

A powder-to-SBF ratio of 1 g/L was used in a Tempo BOD incubator (Pol-Eko Aparatura,
Poland) at 37 °C for 7 days. After incubation, the powders were separated from the solution by
centrifugation, rinsed with deionized water, and dried overnight at 60 °C in a vacuum oven
(Binder VD23, Binder GmbH, Germany). The dried samples were then analysed for
hydroxyapatite formation using SEM, EDX, and XRD.
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Statistical analysis

All measurements are expressed as mean + SD from three independent experiments (n = 3). One-
way ANOVA followed by Tukey's Honestly Significant Difference (HSD) post-hoc test was used
to evaluate pairwise differences between groups. Statistical significance was set at p < 0.05.
Normality was confirmed by the Shapiro—Wilk test; homogeneity of variances was verified by
Levene's test prior to ANOVA. All analyses were performed using IBM SPSS Statistics version
29.0 (IBM Corp., Armonk, NY, USA).

RESULTS AND DISCUSSION

Figure 1 presents the FTIR transmittance (%) spectra of amorphous silica particles (aSiO2) and
silver-doped amorphous silica (Ag-aSiO,) nanocomposites. A prominent peak at ~1100 cm™
represents asymmetric Si—O-Si stretching, confirming the siloxane network [19]. Peaks near 800
cm? and 460 cm™ correspond to symmetric Si-O-Si stretching and Si—O bending, respectively,
supporting the amorphous and tetrahedral silica structure [19]. In silver-doped samples, slight
shifts and intensity changes in Si—-O-Si bands suggest partial substitution by silver ions [20].
Additional weak bands between 500-600 cm™* may indicate Ag—O bond formation and successful
silver incorporation [21, 22]. These spectral changes confirm effective silver doping and structural
modification of the silica matrix. Thus, the successful development of the silica network is
confirmed by the presence of distinctive peaks in all samples, including Si—-O-Si asymmetric
stretching (~1095 cm™) and Si-OH stretching (~988 cm™) [23]. The structural integrity of
amorphous silica was preserved during the synthesis process as evidenced by the constant
presence of these peaks. Strong interactions between silver ions and the silanol groups on the
silica surface are also suggested by the observed shifts and higher intensities of several peaks,
especially in the silver-doped samples. These modifications confirm successful silver doping and
integration into the silica matrix without interfering with the basic silica structure.
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Figure 1.FTIR spectra of (a) pure aSiO, (b) 10wt.%Ag-aSiO, (c) 30wt.%Ag-aSiO, (d)
50wt.%Ag-aSiO, nanocomposite.
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Figure 2 shows the XRD pattern of pure aSiO, and Ag-aSiO, nanocomposites at different
weight percentages. All samples exhibit an amorphous silica phase as evidenced by a broad
diffraction halo centered at 20 =~ 21.92°, characteristic of non-crystalline materials lacking long-
range atomic order, commonly observed in sol-gel-synthesized silica [24]. A highly intense
broadband was obtained for pure aSiO, (Fig 2(a). Upon silver doping, new distinct diffraction
peaks appeared, confirming the successful incorporation and formation of crystalline silver
nanoparticles within the amorphous silica matrix. All observed diffraction peaks for the silver-
doped samples (Figure 2b-d) were indexed and found to be in excellent agreement with the
standard JCPDS card No. 04-0783, which corresponds to face-centered cubic (FCC) metallic
silver (Ag®). Specifically, the peaks at 26 values of approximately 38.1°, 44.3°, 64.4°, 77.5°, and
81.5° correspond to the (111), (200), (220), (311), and (222) crystal planes of FCC silver,
respectively. The presence of these peaks confirms the successful reduction of Ag* ions from the
AgNO; precursor to metallic Ag® during the calcination process. Matching sample peaks to this
card confirms the presence of crystalline metallic silver, rather than silver oxide or silver salt
phases [25, 26]. The sharp peaks confirm progressive silver nanoparticle crystallization and
provide evidence that silver nanoparticles were successfully formed inside the silica structure
[27]. More silver content increases the sharpness and intensity of these FCC silver peaks,
particularly in the 50wt.% Ag-SiO, sample, suggesting improved crystallinity and effective silver
incorporation into the silica matrix. A dual-phase structure, in which amorphous silica serves as
a host matrix and silver produces crystalline nanoparticles, is suggested by the simultaneous
appearance of the amorphous silica peak and crystalline silver reflections. The dual nature of the
materials, where the high surface area and the antimicrobial or bioactive nature of silver both
contribute synergistically to performance, is supported by the presence of both the amorphous
halo and silver-related peaks.
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Figure 2. XRD diffractogram of (a) pure aSiO,, (b) 10wt.%Ag-aSiO2, (c) 30wt.%Ag-aSiO-, and
(d) 50wt.%Ag-aSiO, nanocomposite.

Table 1 summarises the BET surface area, total pore volume, average pore diameter, and BET
C-constant for all samples. Pure aSiO, exhibits a high BET surface area (420 m? g*) and total
pore volume of 0.85 cm® g%, with an average pore diameter of ~8 nm. At 10 wt% Ag loading, the
surface area slightly increases (435 m? g') and pore volume (0.88 cm® g), suggesting defect
generation and minor widening of accessible mesopores. At higher Ag loadings, the surface area
gradually decreases (~410 and ~360 m? g'* for 30 and 50 wt.% Ag, respectively), accompanied
by a reduction in total pore volume (0.80 to 0.72 cm® g'%), indicating partial pore blocking and
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densification of the silica network by Ag species [28]. The BET C-constant remains in the 120—
155 range, consistent with a high-energy silica surface dominated by physisorption [29].

Table 1. Textural properties of undoped SiO2 and Ag-aSiO. composites determined by N adsorption-
desorption analysis.

Samples BET surface area Total pore volume Average pore BET C-
(m2g™?) (em? g™ diameter (nm) constant
aSiO 420 0.85 8.2 120
10wt.%Ag-aSiOz 435 0.88 8.8 122
30wt.%Ag-aSiO2 410 0.80 7.8 134
50wt.%Ag-aSiO2 360 0.72 8.0 155

For further analysis, the 10wt.%Ag-aSiO, hanocomposite was selected for morphological and
antibacterial activity studies because it possesses the highest BET surface area, which is
mechanistically linked to superior hydroxyapatite nucleation capacity via surface silanol groups
[30]. In addition, 10 wt.%Ag-aSiO, represents the lowest effective silver loading, minimizing
potential cytotoxicity concerns at this preliminary stage. Lower Ag content ensures controlled Ag*
release, while maintaining antibacterial action. Higher Ag loadings (30 and 50 wt.%) and
excessive silver incorporation are known to promote particle aggregation, cause pore blockage
and increase cytotoxicity risk [31]. Meanwhile, pure aSiO, powder was used for comparison and
standard sample.

The SEM images reveal the microstructure of the materials, providing critical insights into
morphological and compositional characteristics. SEM micrographs reveal spherical aSiO;
particles with a mean diameter of 15.1 £ 3.8 um (n = 100) (Figure 3a; scale bar: 10 pum,
magnification: x1,000), while the mean diameter of 10wt.% Ag-aSiO, nanocomposite was found
to be 10.5 + 4.2 um (n = 100) (Figure 3b; scale bar: 10 um, magnification: x1,000). It is important
to note that while the silica host particles are in the micrometre range, the embedded silver phase
consists of nanoscale particles (~50-200 nm) (based on higher magnification inset Figure 3b, scale
bar: 2 pum). The 10wt.%Ag-aSiO, was categorised as nanocomposite since nanocomposite
denoting a composite in which at least one phase has nanoscale dimensions, consistent with
terminology adopted in analogous silver—silica and silver—glass systems [32-34]. Figure 4a and
4b show the histogram of particle size distribution of aSiO, and 10wt.%Ag-aSiO-
nanocomposites, respectively. The absence of significant agglomeration suggests the sol-gel
fabrication process successfully prevented particle coalescence, a common challenge in metal-
ceramic composites [35].
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Figure 3. SEM micrographs of (a) pure aSiO; and (b) 10wt.%Ag-aSiO, nanocomposite.
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Figure 4. Histogram distribution of (a) pure aSiO, and (b) 10wt.%Ag-aSiO, nanocomposite.

The antibacterial efficacy of aSiO, and 10wt.%Ag-aSiO, nanocomposite against S. aureus
(MTCC1303) was evaluated using the disc diffusion method. As shown in Figure 5, after 24 hours
of incubation, no inhibition zone was observed for aSiO, or the negative control (distilled water).
In contrast, 10wt.%Ag-aSiO, nanocomposite produced a distinct inhibition zone of 8.06 + 0.04
mm against S. aureus, compared to gentamicin (positive control: 15.21 £ 0.06 mm).

To quantitatively assess the antibacterial efficacy of the synthesized nanocomposite, the
minimum inhibitory concentration (MIC) of 10wt.% Ag-aSiO; against S. aureus (MTCC1303)
was determined using the standard broth microdilution method. The MIC value was found to be
62.5 pg mL7!, indicating effective suppression of bacterial growth at a relatively low
concentration. In contrast, pure amorphous silica (aSiO2) showed no observable inhibitory effect
within the tested concentration range, confirming that the antibacterial activity is predominantly
attributed to the incorporated silver phase. The MIC findings are consistent with the disc diffusion
results, where 10wt.% Ag-aSiO, nanocomposite produced a distinct inhibition zone of 8.06 + 0.04
mm against S. aureus. While the disc diffusion assay provides qualitative and semi-quantitative
evidence of antibacterial activity based on diffusion behavior in solid media, the MIC value of
62.5 pg mL! offers precise quantitative confirmation of growth inhibition in liquid culture. The
agreement between these two independent assays strengthens the reliability of the antibacterial
evaluation and demonstrates that the observed inhibition zone is directly correlated with the
intrinsic bacteriostatic potency of the Ag-aSiO, nanocomposite. Collectively, these results
confirm that the silver-doped silica system exhibits consistent, concentration-dependent
antimicrobial performance, further supporting its potential as an infection-resistant biomaterial
for bone tissue engineering. All three Ag-doped samples produced measurable inhibition zones,
with values of 8.06 + 0.04 mm (10 wt.%), 9.12 + 0.08 mm (30 wt.%), and 10.45 + 0.11 mm (50
wt.%), respectively, showing a concentration-dependent increase in antibacterial activity (one-
way ANOVA, p <0.05 versus negative control and pure aSiO). Table 2 summarises the inhibition
zone diameters (mean = SD, n = 3) for all samples.

Table 2. Inhibition zone diameters (mm) of control sample (gentamicin), aSiO> and Ag-aSiO:
nanocomposites against S. aureus. Values are expressed as mean + standard deviation (SD) from
three independent experiments (n = 3).

Samples Inhibition zone (mm)
Gentamicin 15.21 £ 0.06
aSiOz -
10wt.% Ag-aSiO2 8.06 +0.04
30wt.% Ag-aSiO2 9.12 +£0.08
50wt.% Ag-aSiO2 1045+0.11
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The highest inhibition zone diameter of 10.45 + 0.11 mm against S. aureus obtained in this
study compares favorably with values reported for silver-doped borosilicate bioactive glass (12.5
mm at 10 wt.% Ag) [36], AgNP-incorporated chitosan hydrogels (13.2 mm at 100 pg/mL Ag)
[37], and silver-doped hydroxyapatite (11.8 mm at 15 wt.% Ag) [38]. The following literature
comparisons presented are difference in bacterial strains, inoculum density, disc/well geometry,
agar composition, incubation conditions, silver speciation, and total silver content preclude direct
quantitative benchmarking. It may be noted, with the caveat of methodological variability, that
the present system achieves measurable antibacterial activity at moderate silver loadings, which
is broadly consistent with the range of effective concentrations reported for comparable silver-
silicate and silver-glass systems in the literature.

The good antibacterial efficacy of Ag-SiO, against S. aureus demonstrates its potential as a
robust antimicrobial agent, particularly when compared to pure aSiO,, which showed no
inhibitory effects. Although the distinct inhibition zone produced by Ag-aSiO, is smaller than that
of gentamicin, this confirms the critical role of silver nanoparticles (AgNPs) in imparting
antibacterial properties.

The observed antibacterial activity can be attributed to multiple mechanisms inferred from the
literature. Based on mechanisms reported in the literature for analogous silver-containing
nanocomposites, the observed antibacterial activity is most plausibly attributable to the release of
Ag* ions, which disrupt bacterial cell membranes and interfere with vital enzymatic processes
[39]. This is consistent with findings on Terminalia chebula-derived AgNPs, where Ag* release
was confirmed as the primary bactericidal driver [40]. Upon exposure to the aqueous bacterial
environment, gradual liberation of Ag" ions occurs from the embedded silver nanoparticles,
maintaining bactericidal concentrations without inducing an excessive burst release. The released
Ag" ions initially interact electrostatically with negatively charged components of the bacterial
cell wall, particularly teichoic acids in Gram-positive S. aureus, leading to membrane
destabilization and increased permeability [41]. This disruption facilitates further intracellular
penetration of silver ions. Subsequently, intracellular Ag* ions interfere with thiol-containing
enzymes and respiratory chain proteins, impairing essential metabolic pathways. Simultaneously,
silver-mediated catalytic reactions promote the generation of reactive oxygen species (ROS),
including superoxide radicals and hydroxyl species, which induce oxidative stress, lipid
peroxidation, and DNA damage [42, 43]. Green-synthesised AgNPs have demonstrated
significant ROS-mediated membrane disruption comparable to that of chemically synthesised
particles [44, 45]. The cumulative effect of membrane disruption, enzymatic inhibition, and
oxidative stress ultimately results in irreversible bacterial cell death. Importantly, the amorphous
silica matrix serves as a high-surface-area reservoir that ensures uniform silver dispersion,
prevents nanoparticle aggregation, and enables sustained ion release [46]. This controlled release
behavior enhances long-term antimicrobial efficacy while potentially reducing cytotoxicity risks
associated with high silver exposure. The possible antibacterial mechanisms of Ag-aSiO, were
shown in Figure 6. The absence of an inhibition zone for pure aSiO, underscores its inertness,
while the activity of Ag-aSiO; highlights the synergistic effect of the nanocomposite. These
findings position Ag-aSiO, nanocomposite as a promising candidate for biomedical materials,
warranting further investigation into its broader-spectrum activity. Direct experimental
verification of these mechanistic pathways including inductively coupled plasma measurements
of Ag" release kinetics, fluorometric ROS quantification (e.g., DCFH-DA assay), and membrane
integrity assays (e.g., propidium iodide exclusion or B-galactosidase leakage) was not performed
in this study and represents an important avenue for future investigation.
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Figure 5. Disk diffusion antibacterial activity of aSiO,, 10wt.%Ag-aSiO, nanocomposite,
negative control (distiller water) and positive control (gentamicin) against S. aureus after
incubating for 24 h.
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Figure 6. Possible antibacterial mechanisms of 10wt.%Ag-aSiO, nanocomposite.

The bioactivity of 10wt.%Ag-aSiO, nanocomposite was evaluated by examining its ability to
induce hydroxyapatite (HA) formation after 7 days of immersion in SBF. Figure 7(a) depicts the
morphological evolution of the nanocomposite following SBF exposure, revealing the growth of
short rod-like structures on the surface, confirming HA deposition. EDX analysis (Figure 7b)
detected calcium (Ca), phosphorus (P), and oxygen (O) in the apatite-like precipitates, confirming
the development of a bone-like HA layer. The Ca/P atomic ratio determined from EDX was
approximately 1.65 = 0.03, which is close to the stoichiometric Ca/P ratio of hydroxyapatite
(1.67), providing further evidence of HA formation [42].
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Figure 7. (a) SEM image and (b) EDX spectrum of 10wt.%Ag-aSiO, hanocomposite powder after
immersion in SBF for 7 days.

XRD analysis after SBF immersion (Figure 8a) revealed well-defined peaks at 26 = 25.84°,
31.70°, 32.90°, 34.08°, 39.82°, 45.40°, 46.76°, and 49.56°, indexed to the (002), (211), (112),
(300), (130), (222), (215), and (004) crystallographic planes of hexagonal hydroxyapatite (JCPDS
09-0432), providing conclusive evidence of successful mineralization [43, 44]. The HA formation
mechanism (Figure 8b) begins with OH- adsorption onto the silica surface, followed by partial
dissolution and the release of silicates, thereby creating a supersaturated environment conducive
to HA nucleation and growth [45-47]. The HA formation mechanism on 2 wt.% Ag-aSiO,
nanocomposite particles, as shown in Figure 6(b), initiates with hydroxyl (OH") adsorption onto
the silica surface, creating active sites for subsequent reactions. When immersed in an ionic
solution containing sodium (Na*) and hydronium (HsO") ions, the silica surface undergoes
modification through partial dissolution. This process releases silicate species into the solution
while simultaneously generating a supersaturated environment conducive to HA nucleation [45].
The crystallization process proceeds via the deposition of calcium and phosphate ions, ultimately
forming stoichiometric HA (Caio(PO4)s(OH).) crystals [46, 47]. These crystals grow epitaxially
on the modified silica surface, resulting in a composite structure with dual functionality. The HA
component ensures excellent biocompatibility and osteoconductivity, while the incorporated
silver nanoparticles impart antimicrobial properties. Notably, the gradual release of Ag* ions from
the silica matrix may further enhance HA formation while simultaneously providing sustained
antibacterial activity, making this composite particularly suitable for biomedical applications.
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Figure 8. (a) XRD pattern of 10wt.%Ag-aSiO, nanocomposite particles after immersion in SBF
for 7 days and (b) mechanism of HA formation on the 10wt.%Ag-aSiO, nanocomposite
particles surface.
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CONCLUSION

This study successfully synthesized silver-doped amorphous silica nanoparticles (Ag-aSiO.) via
a sol-gel method, demonstrating their potential as multifunctional nanocomposites for bone tissue
regeneration. Characterization through FTIR, XRD, and SEM confirmed the amorphous nature of
silica, uniform silver distribution, and spherical morphology with controlled particle sizes. The
2wt.%Ag-aSiO, nanocomposite exhibited antibacterial activity against S. aureus (inhibition zone:
8.06 £ 0.04 mm, n = 3), while SBF immersion tests confirmed robust hydroxyapatite formation
(Ca/P = 1.65), consistent with stoichiometric HA. The synergistic combination of antimicrobial
silver and bioactive amorphous silica supports mineralization critical for bone healing. As this
study was primarily designed as a proof-of-concept investigation into the synthesis,
characterization, and antibacterial efficacy of these materials, a comprehensive evaluation of their
cytocompatibility was beyond the current scope. Future studies will therefore focus on a detailed
assessment of the cytocompatibility and potential cytotoxicity of these composites using
mammalian cell lines, alongside investigations into their in vivo biocompatibility and therapeutic
efficacy in appropriate animal models. Such studies are essential to determine the therapeutic
window, the concentration range that provides effective antibacterial action while maintaining
acceptable cytocompatibility, and to establish the true potential of these materials for biomedical
applications.
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