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Abstract 

Magnetic bioactive glass nanoparticles are emerging as an effective multifunctional system for targeted biomedical 
applications, including bone regeneration, controlled drug delivery, and magnetic hyperthermia therapy. In this 
study, magnetic bioactive glass (MBG) nanoparticles with a nominal composition of 60SiO₂-36CaO-4P₂O₅ (mol%) 
were synthesized by incorporating CoFe₂O₄ nanoparticles as the magnetic phase. The MBG nanoparticles were 
prepared using the sol–gel method, whereas CoFe₂O₄ nanoparticles were synthesized via the solvothermal method. 
The magnetic phase was introduced into the glass matrix at concentrations of 2% (MBG2) and 4% (MBG4). Structural 
characterizations were conducted using X-ray Diffraction (XRD) and Fourier Transform Infrared Spectroscopy 
(FTIR), confirming the presence of CoFe₂O₄ in the glass matrix. Morphological analysis was performed using Field 
Emission Scanning Electron Microscopy (FESEM), which validated the successful adsorption of CoFe₂O₄ 
nanoparticles into the bioactive glass. UV-Visible spectroscopy revealed a substantial change in the optical absorption 
behavior of the glass upon the addition of CoFe₂O₄. In particular, the MBG4 sample showed a nearly 50% increase in 
UV absorption compared to bare glass. Zeta potential measurements indicated that both MBG2 and MBG4 exhibit 
high colloidal stability, with significantly improved dispersion behavior compared with the pure bioactive glass. 
Magnetic measurements demonstrated that MBG4 exhibits a markedly higher saturation magnetization than MBG2. 
From the overall results, the incorporation of CoFe₂O₄ up to 4% was identified as the optimal concentration for the 
selected glass composition. The combined improvements in optical, colloidal, and magnetic properties highlight the 
potential of magnetic bioactive glass nanoparticles for biomedical applications, particularly in targeted therapy and 
magnetic hyperthermia. 

Keywords: Magnetic bioactive glass nanoparticles; Cobalt ferrites; Magnetic hyperthermia. 

1. Introduction 

Bioactive glass nanoparticles are silicate-based 
materials, typically composed of 60SiO₂–36CaO–4P₂O₅ 

(mol%), closely resembling bone hydroxyapatite [1]. The 
SiO₂–CaO–P₂O₅ system is well known for its excellent 
bioactivity due to its ability to form a hydroxyapatite 
layer in physiological environments, supporting bone 
bonding and regeneration [2]. These materials release 
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biologically active ions such as Ca²⁺, PO₄³⁻, and Si⁴⁺, 
which stimulate cellular responses and promote tissue 
regeneration [3]. When combined with magnetic 
components, bioactive glass nanoparticles can enable 
applications such as medical imaging and magnetic 
hyperthermia, providing localized heat for cancer 
treatment while supporting tissue regeneration [4, 5]. 

The selection of synthesis methods plays a critical role 
in determining the structural and functional properties 
of the developed system. Bioactive glass nanoparticles 
can be synthesized using various methods, including 
sol–gel processing, melt-quenching [6], and 
microemulsion techniques [7]. In this study, the sol–gel 
method was employed for the synthesis of bioactive 
glass due to its ability to provide molecular-level 
homogeneity, precise compositional control, and high 
surface area, all of which are essential for enhanced 
bioactivity and rapid ion release.  

Recent research on sol–gel-derived bioactive glass 
nanoparticles has focused on compositional tailoring 
through multi-ion doping to enhance bioactivity and 
biological performance. For instance, Bahati et al. (2023) 
demonstrated that strontium-doped systems exhibit 
improved apatite formation and enhanced bone 
regeneration potential [8]. Similarly, Miola et al. (2023) 
reported that co-doping with elements such as boron 
and copper enables the formation of spherical, 
monodispersed nanoparticles with enhanced 
biofunctional properties [9]. In another study, Cao et al. 
(2023) showed that zinc-doped bioactive glass 
nanoparticles possess significant antibacterial activity 
and can inhibit matrix metalloproteinases, thereby 
improving tissue adhesion, particularly in dental 
applications [10]. In addition, sol–gel-derived bioactive 
glasses have been explored for hyperthermia-based 
cancer treatment, highlighting their potential as 
multifunctional therapeutic systems. Borges et al. 
demonstrated the development of sol–gel-derived 
magnetic bioactive glass-ceramics containing 
superparamagnetic phases for effective hyperthermia 
applications [11]. Similarly, Nitu et al. reported 
enhanced induction heating efficiency in sol–gel-derived 
bioactive glass systems through the incorporation of 
magnetic nanoparticles [12]. Furthermore, recent studies 
have shown that sol–gel-synthesized magnetic bioactive 
glass nanoparticles exhibit combined bioactivity and 
hyperthermia functionality for biomedical applications 
[13].  

Overall, these advancements indicate a shift toward 
highly engineered, multifunctional nanoscale bioactive 
glass systems with improved therapeutic efficiency and 
targeted clinical performance. Previous studies have 
demonstrated rapid apatite layer formation in simulated 
body fluid, confirming strong bioactivity, while also 
highlighting that synthesis parameters such as precursor 
composition, pH, and heat treatment conditions 
significantly influence particle size, porosity, surface 
area, and ion release behavior, thereby affecting the 
overall bioactivity and therapeutic performance of the 
material [1, 2, 8, 9]. 

Magnetic nanoparticles have emerged as promising 
agents for magnetic hyperthermia due to their unique 
properties such as superparamagnetism, high 
magnetization, and rapid magnetic response [14, 15]. 
Their nanoscale dimensions enable interaction with 
cellular components and the conversion of external 
magnetic fields into localized thermal or mechanical 
stimuli, allowing precise remote control of biological 
processes [16]. Among various MNPs, cobalt ferrite 
(CoFe2O4) is an attractive magnetic nanoparticle due to 
its strong magnetic properties, high chemical stability, 
high magnetic anisotropy, and relatively high Curie 
temperature (~520 °C). At the nanoscale, it exhibits 
semiconducting and superparamagnetic behavior, 
enabling efficient heat generation under an alternating 
magnetic field for hyperthermia applications [17]. In 
addition to magnetic hyperthermia, CoFe₂O₄ 
nanoparticles have been widely explored for 
applications in MRI contrast imaging, targeted drug 
delivery, and biosensing, highlighting their potential as 
multifunctional materials suitable for integration with 
bioactive systems [18]. 

In this work, the solvothermal method was selected 
for the synthesis of cobalt ferrite nanoparticles due to its 
ability to provide precise control over particle size and 
morphology [19, 20]. Additionally, solvothermal 
synthesis is a cost-effective, environmentally friendly, 
and reliable method for preparing cobalt ferrite 
nanoparticles for magnetic and biomedical applications, 
as it is conducted in an aqueous medium without the use 
of toxic solvents [21, 22]. Although cobalt ferrite 
(CoFe₂O₄) nanoparticles exhibit excellent magnetic 
properties for hyperthermia applications [23], their 
direct biomedical use is limited by several challenges 
reported in recent studies, including particle 
agglomeration caused by strong magnetic dipole–dipole 
interactions [24], poor colloidal stability, and potential 
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cytotoxicity associated with cobalt ion release [25]. In 
addition, difficulties in achieving controlled heat 
generation under alternating magnetic fields have also 
been reported [26].  

Recent studies have highlighted the importance of 
surface modification or matrix incorporation to improve 
nanoparticle stability, biocompatibility, and therapeutic 
performance [27].  To overcome these limitations, the 
incorporation of CoFe₂O₄ nanoparticles into a bioactive 
glass matrix has emerged as an effective strategy for 
improving particle dispersion, structural stability, and 
controlled thermal response [28]. Furthermore, the 
bioactive glass matrix enhances bioactivity and supports 
tissue regeneration, making magnetic bioactive glass 
composites promising multifunctional materials for 
biomedical applications [29]. 

Recent studies have increasingly focused on the 
development of multifunctional bioactive glass 
nanoparticle systems for combined therapeutic and 
regenerative applications. Valverde et al. reported that 
magnetic Fe₃O₄ nanoparticles coated with bioactive 
glass–naproxen exhibit enhanced bioactivity, improved 
surface functionality, and promising in vitro biomedical 
performance [30]. Similarly, Vishwakarma and Sinha 
explored additively manufactured magnetic bioactive 
glass scaffolds, demonstrating their potential in bone 
tissue engineering and drug delivery through optimized 
structural design [31]. In addition, Chen et al. 
highlighted recent advances in multifunctional bioactive 
glass nanoparticles, particularly emphasizing surface 
engineering strategies to improve bioimaging, tumor 
therapy, and tissue regeneration [32]. These studies 
collectively demonstrate the growing interest in 
integrating bioactive and magnetic functionalities into a 
single material system for advanced biomedical 
applications. 

Bioactive glass nanoparticles are widely recognized 
for their excellent bone regeneration and tissue repair 
capabilities, while cobalt ferrite (CoFe₂O₄) nanoparticles 
are well studied for magnetic hyperthermia 
applications. However, the integration of these two 
materials into a single multifunctional system remains 
limited, and their combined potential for simultaneous 
therapy and regeneration is not fully explored. 
Moreover, there is a lack of effective synthesis strategies 
that can ensure uniform incorporation of magnetic 
nanoparticles within a bioactive glass matrix while 
preserving both magnetic and bioactive properties. In 

this context, the present study addresses this gap by 
synthesizing cobalt ferrite–incorporated bioactive glass 
using the sol–gel method, aiming to achieve a balanced 
combination of magnetic response and bioactivity and to 
systematically investigate its structural characteristics, 
UV absorption behavior, colloidal stability, and 
magnetic properties. The developed material is designed 
to enable localized cancer treatment through magnetic 
hyperthermia while also supporting tissue regeneration. 
This work contributes to the emerging field of magnetic 
bioactive glasses and offers a promising approach 
toward minimally invasive, multifunctional 
biomaterials for future biomedical applications [33-35]. 

2. Experimental 

2.1. Materials 

Tetraethoxysilane (TEOS), triethyl phosphate (TEP), 
calcium nitrate (Ca(NO₃)₂)2, ethylene glycol, iron nitrate 
(Fe(NO₃)₃), cobalt nitrate (Co(NO₃)2), ammonia solution, 
ethanol, and deionized water were all of analytical grade 
and used as received. 

2.2. Synthesis of bioactive glass nanoparticles using the 

sol-gel method 

Bioactive glass (BG) was synthesized via the Sol-gel 
method (Figure 1). The sol–gel method allows 
molecular-level homogeneity of bioactive glass 
nanoparticles, which is crucial for biomedical 
applications. This technique also operates at relatively 
low temperatures, reducing the risk of unwanted 
crystallization and enabling the incorporation of heat-
sensitive dopants or therapeutic ions. Additionally, sol-
gel produces nanoparticles with high surface area and 
porosity, enhancing bioactivity and ion release in body 
fluids. 

Initially, Solution A was prepared by mixing 2.25 mL 
of tetraethyl orthosilicate (TEOS), 0.23 mL of triethyl 
phosphate (TEP), and 25 mL of ethanol, followed by 
stirring for 30 min. Separately, Solution B was prepared 
by mixing 4.5 mL of ammonia solution, 8.12 mL of 
ethanol, and 12.38 mL of distilled water, stirring for 30 
min. Then, solution A was slowly added to solution B, 
and the mixture was stirred for 1 hour, during which a 
white colloidal sol formed within 2 minutes. Next, 1.45 g 
of calcium nitrate (Ca(NO3)2) was added to the sol and 
stirred for another 30 minutes. The bioactive glass 
nanoparticles are formed in this colloidal solution. The 
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resulting sol was centrifuged. The final precipitate was 
dried in a vacuum oven at 60°C for 6 h. The dried 
powder was then calcined in a muffle furnace at 700°C 
for 2 h at the rate of 2.34°C/min, yielding BG. This 
procedure is essential for removing nitrate ions and 
enabling the diffusion of calcium ions within the silica 
network [36]. 

2.3 Synthesis of Cobalt ferrite (CoFe2O4) using the 

solvothermal method  

Cobalt Ferrite (CoFe2O4) nanoparticles were 
synthesized via the solvothermal method (Figure 2). 
Initially, 1.6 g of iron nitrate (Fe(NO₃)₃) and 0.575 g of 
cobalt nitrate (Co(NO3)2) were separately dissolved in 10 
mL of ethylene glycol, sonicated for 20 minutes to ensure 
complete dissolution, mixed, and stirred at 70 °C for 30 
min.  17.75 mL of ammonia solution was added, 
followed by stirring for another 30 min at 70 °C. The 
mixture was transferred to a Teflon-lined autoclave and 
subjected to solvothermal treatment at 180 °C for 4 
hours. After cooling, the obtained product was 
centrifuged and vacuum-dried at 50°C for 5 h to obtain 
CoFe2O4 (CoF) nanoparticles [19]. 

2.4 Synthesis of Magnetic bioactive glass nanoparticles 

using the sol-gel method 

Magnetic bioactive glass (MBG) was synthesized 
following the same Sol-gel procedure as BG till the 
addition of calcium nitrate (Ca(NO3)2) (see Figures 3 and 

4). After the addition of 1.45 g of calcium nitrate 
(Ca(NO3)2) to the colloidal solution, the mixture was 
stirred for 30 min, followed by the introduction of cobalt 
ferrite (CoFe2O4) nanoparticles, which will be coated on 
the surface of the glass nanoparticles due to their 
adsorption property. Then, a measured amount of cobalt 
ferrite (CoFe2O4) was added, and the mixture was stirred 
for 1 h. The resulting mixtures were centrifuged, dried 
in a vacuum oven at 60°C for 6 h, and then calcinated in 
a muffle furnace at 700°C for 2 h. MBG samples 
containing 2 wt% and 4 wt% CoFe2O4 were synthesized 
and designated as MBG2 and MBG4, respectively [37]. 
During the synthesis process of MBG, it is necessary to 
make a colloidal solution of CoFe2O4 with the bioactive 
glass nanoparticle, and the resulting mixture will be in a 
dispersed state with no sign of CoFe2O4 particles settling 
down. When CoFe2O4 particles are added at levels above 
4%, they settle and do not form a colloidal solution even 
after long-term sonication.  

2.5. Measurements 

X-ray diffraction (XRD) analysis was performed using 
a Bruker D8 ADVANCE with DAVINCI design for 
crystallinity and phase identification. The 
measurements were carried out in the 2θ range of 5°-120° 
using Cu Ka radiation, with a step size of 0.02° and a 
total scan time of 1 hour. The obtained diffraction data 
were analyzed using OriginPro software. Fourier 
transform infrared spectroscopy (FTIR) was performed 
using a Thermo Scientific Nicolet iS50 to determine 

Figure 2. Preparation of CoFe2O4 by the Solvothermal method. 

Figure 1. Sol-gel synthesis of BG. 
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functional groups and bonding in the samples. UV–
Visible Spectroscopy was performed using a JASCO V-
750 UV–Visible Spectrophotometer with a wavelength 
range of 200-900 nm and 1 nm resolution. Field-emission 
scanning electron microscopy (FESEM) with a resolution 
of 100nm was performed to observe the microstructure 
and morphology. SEM images were analyzed using 
ImageJ software to determine the particle size of the 
samples. Hydrodynamic diameter and Zeta potential 
were studied using a Litesizer 500 (Anton Paar) 
instrument. The magnetic properties of 2% and 4% 
CoFe2O4-incorporated MBG samples were measured at 

300K using Quantum Design Versalab PPMS under an 
applied magnetic field of 3T. The results were 
interpreted using OriginPro software.  

3. Results and discussion 

3.1. Structural analysis using X-ray diffractometers 

XRD patterns of Cobalt Ferrite (CoFe2O4), its Rietveld-
refined data, Bioactive glass (BG), and Magnetic 
Bioactive Glass (MBG) are shown in Figure 4a-d, 
respectively. From the XRD patterns of Bioactive Glass 

Figure 3. Sol-gel synthesis of MBG. 

Figure 4. (a) XRD patterns of Cobalt Ferrite (CoFe2O4), (b) its Rietveld-refined data, (c) Bioactive glass (BG), and (d) Magnetic Bioactive Glass 

(MBG). 

https://jams.hsu.ac.ir/
https://jams.hsu.ac.ir/
https://jams.hsu.ac.ir/


 
T. T. et al. jams.hsu.ac.ir 

 
 

 
 
J. Appl. Mater. Sci., 2026, 2, 260302   

© 2026 Authors. The authors retain copyright and full publishing rights under a CC BY 4.0 International License. 260302 (6 of 13) 

with composition Silica (SiO2), Calcium Oxide (CaO), 
and Phosphorus Pentoxide (P2O5) with a mol% ratio 
15:9:1, a broad peak was observed at 2θ = 22.17°, which 
is characteristic of amorphous silicate materials, 
confirming the amorphous nature of the synthesized 
bioactive glass (BG). Additionally, the broad peak 
observed around 25° in the top diffraction pattern is 
attributed to the (101) planes in the amorphous silica 
structure.  

For cobalt ferrite nanoparticles, the diffraction peaks 
were observed at 2θ angles of 30.4°, 35.5°, 43.2°, 53.6°, 
57.1°, 62.7°, and 74.4°, which correspond to the (220), 
(311), (400), (422), (511), (440), and (533) planes, 
respectively. The average crystallite size was 
determined using the Scherrer equation: 𝐷 =  𝐾𝜆 /

 𝛽𝑐𝑜𝑠𝜃. The calculated crystallite size was approximately 
13.3 nm. The presence of the characteristic diffraction 
peaks, particularly the (311) reflection, confirms the 
formation of the spinel structure of cobalt ferrite 
(CoFe₂O₄) [38]. For Magnetic Bioactive Glass, sharp 
diffraction peaks were observed at 2θ values of 30.42°, 

35.67°, 43.49°, 57.21°, and 62.77°, corresponding to the 
(220), (311), (400), (511), and (440) crystal planes, 
respectively. These peaks are absent in BG and closely 
match the standard diffraction pattern of CoFe2O4, 
confirming the successful incorporation of the magnetic 
phase in the synthesized MBG. Table 1 shows the 
structural parameters of CoFe2O4 nanoparticles, which 
agree with previously reported values [39, 40]. 

3.2 Morphological Analysis 

FESEM images were obtained to investigate the 
surface morphology and particle size of the synthesized 
bioactive glass (BG), cobalt ferrite nanoparticles, and 

Table 1. Structural parameters of CoFe2O4 nanoparticles 

Structural Parameters CoFe2O4 

Space Group F d – 3 m 

Unit Cell Parameter 8.43549 

Cell Volume 600.249 

Average Crystalline Size 13.3 nm 

 

Figure 5. FESEM images of (a) CoFe2O4, (b) BG, (c) MBG, and (d) the particle distribution curve of BG. 
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magnetic bioactive glass (MBG) nanoparticles. As shown 
in Figure 5, the BG nanoparticles exhibit a relatively 
uniform and spherical morphology with an average 
particle diameter of approximately 190 nm. The particle 
distribution curve of the FESEM image of BG is also 
depicted in the figure.  The FESEM image of cobalt 
ferrite nanoparticles shows spherical, agglomerated 
particles. This agglomeration is attributed to the strong 
magnetic interactions and Van der Waals forces acting 
between the cobalt ferrite nanoparticles [41].  

From the FESEM image of the MBG4 sample, it can be 
observed that the cobalt ferrite nanoparticles were 
adsorbed on the surface of the glass nanoparticles, while 
some were left behind without any change. These 
changes confirm the successful adsorption of glass 
nanoparticles and cobalt ferrite nanoparticles. 
Collectively, the ability of these bioactive glass 
nanoparticles to form layers on their surfaces and to 
resorb could enhance bioactivity, making them suitable 
for various biomedical applications [42].  

3.3 FT-IR Spectroscopy Analysis 

FTIR spectra of Bioactive Glass (BG) and Magnetic 
Bioactive Glass (MBG) nanoparticles are shown in 
Figure 6. In BG, the symmetric and asymmetric 
stretching vibrations of Si–O–Si are observed at 801 cm⁻¹ 
and 1064 cm⁻¹, confirming the formation of the silicate 
network. Similarly, P-O stretching is observed at 1064 
cm-1, overlapping with Si-O-Si stretching, resulting in a 
broad spectrum between 871 and 1274 cm-1 [43]. In MBG 

nanoparticles, the Co–O stretching vibration is observed 
at 571 cm⁻¹, confirming the incorporation of magnetic 
cobalt species.  

The symmetric and asymmetric stretching vibrations 
of Si–O–Si are located at 804 cm⁻¹ and 1095 cm⁻¹, 
respectively. The shift of these bands compared to BG 
indicates the incorporation of CoFe2O4 into the silicate 
network, leading to increased bond strength and 
structural densification. The P–O stretching vibration is 
associated with the band at 1095 cm⁻¹, confirming that 
the fundamental bioactive glass network is preserved 
after magnetic phase incorporation [35]. 

3.4 UV – Visible Spectra 

UV-Visible spectra of bioactive glass nanoparticles 
(BG) and Magnetic bioactive glass nanoparticles (MBGs) 
have been studied over the wavelength range of 200-900 
nm. The BG, MBG2, and MBG4 samples were prepared 
at a concentration of 0.000125 g/mL. For the CoFe₂O₄ 
nanoparticles, the same initial concentration was used; 
however, only a weak absorbance peak was observed. 
Therefore, the concentration was increased to 0.00025 
g/mL, and the experiment was repeated to better 
determine the position of the absorbance peak.  

The BG sample shows negligible absorbance at about 
246 nm. In contrast, the MBG samples show enhanced 
absorbance in the same wavelength region. The inset of 
Figure 7 shows the absorbance curve of CoFe2O4 
nanoparticles, which shows absorbance at about 220 nm. 
CoFe2O4 shows significant absorbance in the UV region 

Figure 6. FTIR Spectra of BG and MBG. 
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(200-400 nm), which contributes to the enhanced UV 
absorbance observed in the MBG samples containing 
CoFe2O4 [44].  

The UV absorption of semiconducting cobalt ferrite 
nanoparticles arises from their electronic band structure. 
It is mainly caused by interband electronic transitions 
from the oxygen 2p valence band to the iron 3d 
conduction band. At the nanoscale, quantum 
confinement effects modify the band structure, altering 
the absorption behavior [19]. In the visible region (400–
800 nm), broad absorption bands arise from electronic 
transitions within the cobalt d-orbitals. These transitions 
are influenced by the octahedral crystal field 
surrounding the cobalt ions, resulting in enhanced light 
absorption across the visible spectrum [45].  

In silicate glass, optical absorption arises mainly from 
electronic transitions between the oxygen 2p valence 
band and silicon-related conduction band states. The 
observed ~50% increase in absorption in the magnetic 
glass composite can be attributed to the interfacial 
charge transfer from the wide-band-gap glass matrix to 
the CoFe₂O₄ nanoparticles. Because CoFe2O4 has lower-
lying Fe 3d conduction-band states, electrons excited in 
the glass can transfer to the nanoparticles, introducing 
additional electronic transitions and thereby enhancing 
overall UV absorption. The absorbance increases with 
increasing CoFe2O4 nanoparticle concentration [46].  

An increase in UV absorbance was observed in ferrite-
doped bioactive glasses [47, 48]. The Tauc plot 
corresponding to the absorbance curve has been plotted. 
The band gap energy is obtained from the curve shown 
in the inset of Figure 7. From the Tauc plot of BG, shown 
in the figure, the band gap energy ranges from 3.8 to 4.2 
eV, which agrees with previous studies [47]. Wider band 
gaps (>3 eV) promote biocompatibility by minimizing 
unwanted charge transfer or Reactive Oxygen Species 
(ROS) generation that could harm cells [49]. 

3.5 Dynamic Light Scattering (DLS) and Zeta Potential 

DLS and Zeta Potential measurements were 
performed on all three samples to assess the 
Hydrodynamic Diameter and Colloidal Stability, 
respectively. As shown in Figure 8, the hydrodynamic 
diameters of BG, MBG2, and MBG4 are approximately 
88 nm, 133.3 nm, and 97.7 nm, respectively. The 
corresponding Zeta Potential values are -25.7 mV, -46.3 
mV, and -42 mV. The hydrodynamic diameter data 
indicate that most of the CoFe2O4 nanoparticles in MBG2 
were adsorbed onto the surface of the bioactive glass 
nanoparticles, resulting in a larger particle size 
compared to BG. This observation is consistent with the 
FESEM analysis. Whereas the size of MBG4 is less than 
that of MBG2, which indicates that the surface of 

Figure 7. UV – Visible Spectra of BG, MBG2, and MBG4. 
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bioactive glass nanoparticles is not entirely covered with 
the CoFe2O4 nanoparticles.  

During the synthesis of MBGs, it has been observed 
that the glass solution becomes saturated at about 4% 
addition of CoFe2O4 nanoparticles, above which the 
introduced CoFe2O4 nanoparticles do not mix with it. 
Zeta potential measurements reflect the surface charge 
and electrostatic potential of particles. In general, 

colloidal dispersions are considered stable when the zeta 
potential exceeds +30 mV or is lower than −30 mV. In 
our study, the measured zeta potential values indicate 
that the magnetic glasses are highly stable in suspension 
[50]. The results also reveal a clear dependence of zeta 
potential on composite size.  

Variations in size change the relative number of 
surface atoms, which can influence properties such as 

Figure 8. DLS and Zeta Potential curves of (a,b) BG, (c,d) MBG2, and (e,f) MBG4. 
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electronic structure, surface defect density, and porosity 
[51]. Comparing the Zeta potential values of these 
samples, we can deduce that the BG samples are 
colloidally unstable. The MBG2 and MBG4 samples 
show good colloidal stability along with negative 
surface potentials. In aqueous media, cobalt ferrite 
(CoFe₂O₄) nanoparticles acquire surface charge through 
protonation and deprotonation of surface hydroxyl 
groups (Co–OH). The degree of ionization of these 
groups determines the overall surface charge of the 
particles. At pH values above 6.9, the cobalt ferrite 
particles exhibit a negative surface charge [52]. 
Therefore, the presence of CoFe₂O₄ is likely responsible 
for the observed increase in the stability of magnetic 
glass. 

3.6 Magnetic Properties  

The field-dependent magnetization (M-H) curves of 
CoFe2O4 and Magnetic Bioactive Glass (MBG) with 2% 
and 4% CoFe₂O₄ incorporation are shown in Figure 9. 
The Magnetic saturation (MS), Coercivity (HC), and 
Remanence (MR) values of the samples are listed in Table 
2. It is observed that the coercivity value of CoFe₂O₄ is 
very low, and the crystalline size, as obtained from the 

XRD analysis, is around 13.3nm, which confirms the 
superparamagnetic nature of cobalt ferrite [53].  

The saturation magnetism value of 4% CoFe₂O₄ MBG 
shows a drastic increase of about 11.23% when 
compared to 2% CoFe₂O₄ added MBG. From 
hydrodynamic size analysis, we confirmed that more 
CoFe₂O₄ nanoparticles were present on the surface of 
MBG2 than on MBG4, indicating that in MBG4, CoFe₂O₄ 
was not entirely concentrated at the surface of the glass 
nanoparticles, but remained as such. This may explain 
the drastic increase in the saturation magnetization of 
the MBG4 sample, due to the presence of free CoFe2O4 
nanoparticles in the system. In the 2% CoFe2O4-added 
MBG sample, the glass nanoparticles are more 
prominent than the cobalt ferrite nanoparticles. In the 
4% sample, the magnetic nanoparticles appear to have 
effectively occupied the space between the glass phases. 
This observation is supported by the scanning electron 
microscopy (SEM) image, which shows that the glass 
phase is not distinctly visible and appears cloud-like. 
The coercivity of MBGs increases as the addition of 
CoFe2O4 in the bioglass matrix increases. This trend 
arises from strong interparticle interactions as the 
magnetic phase concentration increases [54]. Within the 
superparamagnetic regime, the obtained coercivity 

Figure 9. M-H Curves of (a) CoFe2O₄, as well as (b) BG, and MBG. 

Table 2. Magnetic saturation, Coercivity, and Remanence values of samples 

Sample Magnetic saturation, Ms (emu/g) Coercivity, HC (Oe) Remanence, MR (emu/g) 

CoFe₂O₄ 48.29 9.645 0.64 

MBG 2% 7.65 2.85 0.065 

MBG 4% 28.88 6.515 2.4 
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values demonstrate favorable particle-heating 
properties. This observation suggests that these 
materials are strong candidates for hyperthermia 
applications [55]. 

4. Conclusions 

In this study, MBG was synthesized by the sol-gel 
method, incorporating CoFe₂O₄ nanoparticles, which 
were synthesized via the solvothermal method, into a 
Bioactive glass (SiO₂–P₂O₅–CaO) matrix. The results 
demonstrated that the incorporation of CoFe₂O₄ 
nanoparticles significantly influenced the structural, 
morphological, optical, and magnetic properties of the 
material. Structural analysis with XRD confirmed the 
amorphous nature of BG and the formation of the spinel 
structure of the CoFe₂O₄ phase, while FTIR results 
marked the presence of Co-O vibration in the silicate 
network. From UV – Visible spectroscopy analysis, the 
MBG samples show increased absorbance due to the 
presence of CoFe₂O₄. Morphological studies revealed 
that most of the CoFe₂O₄ nanoparticles are adsorbed 
onto the glass surface, while a smaller fraction remains 
unbound and forms agglomerates. Hydrodynamic 
diameter analysis indicated that MBG2 had the greatest 
amount of CoFe₂O₄ attached to its surface. Both MBG2 
and MBG4 samples exhibit good stability in water, as 
confirmed by a significant increase in their zeta potential 
values. Furthermore, the magnetic properties of MBG 
were strongly dependent on the CoFe₂O₄ concentration, 
with higher concentrations leading to increased 
saturation magnetization while maintaining low 
coercivity and superparamagnetic behavior. CoFe₂O₄ 
nanoparticles incorporated into bioactive glass 
significantly enhance UV absorption, improve colloidal 
stability, and impart magnetic properties. These 
properties enable efficient heat generation under an 
alternating magnetic field and optical imaging, both of 
which are essential for targeted magnetic hyperthermia 
applications aimed at destroying cancer cells. 
Simultaneously, the silicate-based bioactive glass matrix 
supports bone regeneration and ensures 
biocompatibility, making the material suitable for 
medical applications. Overall, this multifunctional 
magnetic glass material has significant potential to 
improve cancer treatment and help develop more 
effective medical therapies in the future. 
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