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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini The growing demand for multifunctional biomaterials that combine therapeutic and diagnostic functionalities
has has led to the development of advanced magneto-luminescent systems. In this study, Fe304 particles coated
with Eu*-doped S53P4 bioactive glass were fabricated via a two-step method. High-resolution transmission
electron microscopy analysis confirmed a core@shell configuration, with a crystalline Fe3O4 core and an
amorphous Eu®'-doped shell. Morphological analyses indicated a transition from spherical to anisotropic
structures upon europium incorporation. Magnetic characterization revealed preserved superparamagnetic
behavior with a slight decrease in saturation magnetization due to the glass shell. Photoluminescence studies
demonstrated strong and tunable photoluminescence without evidence of concentration quenching, as further
supported by CIE chromaticity and correlated color temperature (CCT) analyses. Moreover, antibacterial assays
indicated significant inhibition of E. coli and S. aureus, with the optimal activity observed at 1 wt% Eu doping.
Owing to their integrated magnetic and optical functionalities, the developed Fe304@Eu®":S53P4 nano-
composites may also serve as potential candidates for magnetic particle imaging (MPI) applications, offering
promising perspectives for targeted therapy, real-time tracking, and infection management in orthopedic
systems.
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rates vary between 0.5 % and 9.0 %, depending on the surgical pro-
cedure [2]. Specifically, infections occur in approximately 1-3 % of

1. Introduction

The global orthopedic implant market, valued at approximately USD
45.19 billion in 2023, is projected to reach USD 71.74 billion by 2032,
highlighting the increasing demand for advanced biomaterials to
enhance functional recovery and manage pain in millions of patients
worldwide [1]. Despite the benefits provided by orthopedic implants,
surgical site infections remain one of the most significant complications,
particularly in developing countries. These infections, classified as
nosocomial (hospital-acquired) infections, typically occur within one
year following surgical procedures involving mechanical or prosthetic
material implantation. Their consequences include increased mortality,
prolonged hospitalization, and substantial healthcare costs. According
to the European Centre for Disease Prevention and Control, infection

primary implant surgeries, whereas revision surgeries present a rein-
fection risk as high as 14 %, with an associated mortality rate of 2.5 %
[3,4]. Fracture-related osteomyelitis, another severe complication,
presents incidence rates ranging from 1.8 % to 28 %, depending on the
bone type and fracture severity [5].

The predominant pathogens implicated in orthopedic infections are
Escherichia coli (E.coli) and Staphylococcus aureus (S. aureus). These mi-
croorganisms, by binding to bone through specific extracellular matrix
receptors such as fibronectin, laminin, collagen, and sialoglycoproteins,
initiate osteomyelitis, which leads to bone destruction and inflammation
[2,6-8]. Osteomyelitis, originally described by Edouard Chassaignac in
1852, can involve various anatomical regions of the bone, including the
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cortical bone, periosteum, bone marrow, and surrounding soft tissues.
This condition may arise not only from traumatic injuries, particularly
open fractures, but also as a consequence of internal fixation procedures
[6,7,9-11].

A critical factor contributing to the persistence and therapeutic
resistance of implant-related infections is bacterial biofilm formation.
Biofilms provide a highly protective microenvironment, conferring
resistance to antibiotics due to multiple mechanisms: (i) limited anti-
biotic penetration into the biofilm matrix, (ii) altered metabolic states of
bacteria within the biofilm, and (iii) the expression of biofilm-specific
phenotypes [12]. Consequently, systemic antibiotic therapies often
fail, necessitating localized treatment approaches to overcome the
diffusion barriers [9,13-15]. Current local treatment strategies involve
the application of antibiotic-loaded polymethyl methacrylate (PMMA)
beads, antibacterial bone cements, or bone substitutes [7,16-20].
However, these methods often require invasive surgical interventions
for implant removal, extensive debridement of infected tissues, and
long-term antibiotic administration [21-24]. In response to these chal-
lenges, researchers have explored the development of localized thera-
peutic systems using biomaterials incorporating antibacterial agents or
metallic ions such as silver (Ag), copper (Cu), zinc (Zn), and selenium
(Se) [14,25-29]. These innovative materials aim to ddeliver targeted
antibacterial activity directly at the infection site, reducing systemic
toxicity and promoting tissue regeneration.

Superparamagnetic iron oxide particles (Fe3O4, SPIONs) have
emerged as promising carriers for targeted antibacterial therapies due to
their excellent magnetic properties, biocompatibility, and stability [30,
31]. SPIONSs not only facilitate targeted delivery of therapeutic agents to
infection sites but also contribute to bone regeneration by enhancing
osteogenic differentiation and cell proliferation, as evidenced by in vitro
and in vivo studies [32-36]. However, accurately monitoring the bio-
distribution and localization of such carriers remains a significant
challenge. To overcome this limitation, SPIONs have been functionally
modified with luminescence properties by incorporating lanthanide el-
ements. Lanthanides, renowned for their superior optical characteristics,
have been extensively used for biological labeling, enabling
non-invasive and real-time imaging of tissues and intracellular struc-
tures [30,37-39]. Moreover, lanthanide ions such as europium (Eu®h)
have demonstrated beneficial effects on bone tissue, promoting osteo-
blast proliferation and inhibiting osteoclast-mediated bone resorption.

In recent years, there has been a growing emphasis on the develop-
ment of multifunctional magneto-luminescent materials that simulta-
neously offer therapeutic efficacy, imaging capability, and real-time
monitoring, to address complex biomedical challenges. These materials
integrate magnetic and luminescent functionalities within a single
platform, enabling targeted therapy, diagnostic imaging, and thera-
peutic tracking [31,40-48]. For instance, a 2025 study by Das et al. [43]
developed sensitizer-passivated magnetic ferrite/Eu®*-doped oxide
nanocomposites, demonstrating high biocompatibility (ICso =~ 800
pg/mL) and strong red luminescence suitable for cellular tracking. The
particles effectively induced over 75 % cell death under an alternating
magnetic field (AMF) at a dose of just 200 pg/mL, while also showing
excellent hemocompatibility (<5 % hemolysis). Similarly, in 2025, Chen
et al. [44] introduced Fe304/Gd203:Tb3+@SiOX nanocomposites,
tailored for enhanced MRI contrast and demonstrating both in vitro
cytocompatibility and in vivo imaging performance in rat models.
Moreover, These results highlight their potential for in vivo
image-guided magnetic hyperthermia therapy in cancer treatment. In
another study, Swain et al. (2024) [45] developed Fe3O4s@LaF3:Eu,
Ag@APTES@p-CD nanostructures exhibiting excellent magnetic and
luminescent behavior, while also serving as effective carriers for the
antibiotic ciprofloxacin, achieving up to 100 % microbial inhibition
against E. coli and V. cholerae. Despite their potential, studies focusing on
magneto-luminescent bioactive glasses with antibacterial properties
remain scarce [30,42].

Building upon these recent advances, yet addressing the limited
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integration of bioactivity and antibacterial features in such multifunc-
tional platforms, the present study introduces a novel approach using a
bioactive glass matrix. In response to the urgent need for multifunctional
biomaterials capable of simultaneously addressing infection control,
targeted delivery, and real-time tracking in orthopedic applications, this
study proposes the synthesis of superparamagnetic Fe3O4 particles
coated with Eu>*-doped S53P4 bioactive glass. By integrating magnetic
targeting, tunable photoluminescence for non-invasive optical imaging,
and intrinsic antibacterial activity, these engineered nanocomposites
aim to serve as an all-in-one theranostic platform. Moreover, the eval-
uation of their luminescence behavior through CIE chromaticity co-
ordinates and correlated color temperature (CCT) analysis provides
novel insights into their optical tunability, establishing a new approach
in the development of magneto-luminescent bioactive glasses for
advanced biomedical applications. This work aims to lay the ground-
work for next-generation multifunctional systems capable of enhancing
both the treatment efficacy and monitoring capabilities in orthopedic
implant-related infection management and bone tissue engineering.
Furthermore, the magnetic properties of the synthesized nano-
composites highlight their potential applicability in magnetic particle
imaging (MPI), expanding their prospects for advanced biomedical im-
aging technologies.

2. Materials and methods
2.1. Preparation of SPIONs (Fe304)

Multifunctional magneto-luminescent nanocomposites were syn-
thesized using a sequential two-step process. Initially, super-
paramagnetic iron oxide nanoparticles (Fe304) were synthesized using
the co-precipitation method. Iron (III) chloride hexahydrate
(FeCl3-6H20) and iron (II) chloride tetrahydrate (FeCly-4H30) were
dissolved in 200 mL of deionized water (DI) at a 2:1 M ratio under
magnetic stirring at 200 rpm. A 28 % ammonium hydroxide (NH4OH)
solution was added dropwise at a rate of approximately 2 drops per
second until the pH of the solution reached 9. After the desired pH was
achieved, the mixture was further stirred for an additional 15 min at
65 °C to allow complete nanoparticle formation.The resulting solid
black particles were subsequently isolated using a neodymium magnet,
subjected to thorough washing with deionized water, and finally dried in
an oven at 80°C.

2.2. Preparation of SPIONs coated with bioactive glass

The SPIONs were coated with bioactive glass using a modified Stober
method, aimed at achieving a core/shell particle structure. Initially, 500
mg of dried Fe3O4 nanoparticles were dispersed in a solution containing
40 mL of ethanol, 10 mL of deionized water, and 3 mL of 28 % ammo-
nium hydroxide. The dispersion was ultrasonicated for 30 min to ensure
homogeneous distribution. Separately, tetraethyl orthosilicate (TEOS)
was dissolved in 10 mL of ethanol, gradually added to the SPIONs so-
lution, and stirred mechanically for 30 min. Following silica deposition,
triethyl phosphate (TEP), calcium nitrate tetrahydrate (Ca
(NO3)2-4H,0), sodium nitrate (NaNOg), and europium nitrate hexahy-
drate (Eu(NOs3)3-6H50) were sequentially added in stoichiometric ratios
according to the desired S53P4 glass composition (with Eu doping levels
ranging from 0.5 to 5 wt%). The reaction mixture was then stirred for 1 h
at room temperature to complete the glass precursor hydrolysis-
condensation process. The resulting coated nanoparticles were
magnetically separated and washed three times via centrifugation
(5000 rpm, 5 min) using ethanol and deionized water. The purified
nanocomposites were dried in an oven at 80 °C overnight and subse-
quently subjected to heat treatment in a muffle furnace at 700 °C for 3 h
with a heating rate of 5 °C/min to induce glass formation and densifi-
cation.Detailed sample designations and process parameters are pro-
vided in Table 1. The detailed synthesis process was represented in
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Table 1

Sample designations, and chemical compositions of the core/shell composites.
The table represents chemical composition of the bioactive glass shell. The Fe304
core is not included in this composition.

Sample Designation Chemical Composition (Wt%)

P,0s Ca0 Na,O Si0, Eu,03
Fe30,@S53P4 4 20 23 53 0
Fe304@0.5Eu:S53P4 4 20 23 52.5 0.5
Fe30,@1.5Eu:S53P4 4 20 23 51.5 1.5
Fe304@3Eu:S53P4 4 20 23 50 3
Fe304@5Eu:S53P4 4 20 23 48 5

Fig. 1.

2.3. Materials characterization

The structural, morphological, magnetic, and optical properties of
the synthesized particles were characterized using various techniques.
X-ray diffraction (XRD) was performed using a Philips PW3710 X'Pert
Pro diffractometer equipped with monochromatic CuK, radiation,
operating over a 20 range of 20°-80% at a scanning rate of 2%/min, to
identify the crystalline phases. Fourier-transform infrared spectroscopy
(FT-IR) measurements were carried out using a PerkinElmer Spectrum
Two spectrometer to investigate the functional groups and chemical
composition of the particles. Surface morphology was examined via
scanning electron microscopy (SEM) at magnifications of 50,000x,
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100,000%, and 200,000%x, using an acceleration voltage of 20 kV and a
working distance (WD) of 9.8 mm. Detailed structural features were
elucidated using transmission electron microscopy (TEM) and high-
resolution TEM (HR-TEM) with a FEI TALOS F200S instrument at an
acceleration voltage of 200 kV. Magnetic characterization were per-
formed using a Vibrating Sample Magnetometer (VSM, Model 7407,
Lakeshore) under magnetic fields ranging from —10,000 Oe to +10,000
Oe. Furthermore, photoluminescence (PL) measurements were con-
ducted using a 349 nm excitation source with the ANDOR SR500i
spectrometer to evaluate the optical behavior of undoped and europium-
doped nanocomposites.

2.4. Antibacterial investigations

The antibacterial activity of the synthesized nanoparticles was sys-
tematically assessed against E. coli and S. aureus using the agar well
diffusion method. Bacterial cultures were grown in Nutrient Broth to a
concentration of approximately 2.4 x 10° CFU/mL. Subsequently, 6 mm
diameter wells were prepared on Nutrient Agar plates, into which 10 mg
of each sample was carefully placed. The plates were then incubated at
37 °C for 18-24 h under aerobic conditions. Following incubation, the
diameter of the inhibition zones surrounding each well was measured
using a standard scale to assess antibacterial efficacy. All experiments
were conducted in triplicate to ensure reproducibility. The formation of
a clear inhibition zone around the well indicated effective antibacterial
activity of the tested samples.
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Fig. 1. Schematic illustration of the fabrication process.

41950



C. Noyan et al.

3. Results and discussions
3.1. XRD and FT-IR analysis

Fig. 2a presents the X-ray diffraction (XRD) patterns of the
Fe304@S53P4 and Fe304@5Eu:S53P4 nanocomposites. The diffraction
peaks observed in both samples were indexed to the standard cubic
magnetite structure of FegO4 (Fd-3m space group), consistent with JCPDS
card no. 075-0449 [30,31]. Characteristic reflections appeared at 20
values of 30.52% 35.58°, 43.20° 53.72°% 63.07°, and 74.75° corre-
sponding to the (220), (311), (400), (422), (511), and (440) crystallo-
graphic planes, respectively. Importantly, no additional peaks
corresponding to the S53P4 bioglass phase were observed, confirming
the amorphous nature of the bioglass matrix. Furthermore, no signifi-
cant shifts or changes in the peak positions were observed upon Eu®*
doping, suggesting that the dopant incorporation did not alter the
crystalline structure of the Fe3O4 core.

Fig. 2b shows the FTIR spectra of Fe3O4@S53P4, Fe304@1.5Eu:
S53P4 and Fe304@5Eu:S53P4 samples. The observed vibrational bands
and their corresponding assignments for the bioglass structures are also
provided in the figure. It can be observed that, the undoped nano-
aprticles (Fe304@S53P4) shows the characteristic absorption bands at
approximately 452 cm ™!, 797 cm ™! and 1063 cm ™! which are attributed
to the Si-O-Si bending mode, Si-O-Ca stretching mode and P-O bending
mode, respectively. Additionally, the weak vibrational modes observed
at 549 and 642 cm ! are characteristic vibrations of Fe-O for SPIONS,
and the presence of the peak at 549 cm™! was attributed to the Fe-O
strain mode of magnetite (core, Fes04) [30,49,50]. Upon Eu®t doping,
slight variations in the intensity and position of the vibrational peaks are
observed. Among the samples shown, the band intensities associated
with the Si-O-Si and P-O groups appear stronger in the Fe304@1.5Eu:
S53P4 sample compared to the undoped and Fe3O4@5Eu:S53P4 sam-
ples. Furthermore, the absorption band around 803 em ™}, correspond-
ing to the symmetric stretching mode of Si-O-Ca, is not visible in the
FTIR spectrum of the Fe304@5Eu:S53P4 sample. A broad band near
1493 cm ™! is also observed only in the 5 wt% Eu-doped sample, which is
attributed to the stretching vibration of ~-OH groups and atmospheric
moisture absorption.

3.2. SEM analysis

Fig. 3 presents SEM micrographs of the synthesized samples at
magnifications of 50,000x, 100,000x, and 200,000x. Images (a), (b), and
(c) correspond to Fe304@S53P4, while (d), (e), and (f) show
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Fe304@5Eu:S53P4 particles. The Fe304@S53P4 sample exhibits a pre-
dominantly spherical and compact morphology, with noticeable particle
agglomeration. This appearance is typical for powder materials syn-
thesized via wet chemical methods and suggests relatively uniform
nucleation during synthesis. In contrast, the Fe304@5Eu:S53P4 nano-
composites display a distinctly anisotropic morphology, with plate-like,
or leaf-like structures. The incorporation of Eu®" ions appears to influ-
ence the particle growth mechanism, leading to a variation in structural
organization. Overall, SEM analysis indicates that Eu>* doping alters the
morphology of the particles compared to the undoped sample.

3.3. TEM analysis

As shown in Fig. 4a—c, the TEM and HR-TEM images of the undoped
Fe304@S53P4 bioactive glass nanocomposites reveal a well-defined
core@shell structure. ImageJ software analysis indicated that the
average particle size of the FegO4 cores was approximately 15.0 + 3.0
nm, based on measurements from 120 individual particles. The corre-
sponding particle size distribution histogram (Fig. 4b) confirms the
relatively narrow size distribution, supporting the morphological uni-
formity of the synthesized nanoparticles. HR-TEM imaging (Fig. 4c)
clearly shows a crystalline Fe3O4 core encapsulated by an amorphous
S53P4 bioactive glass shell. Furthermore, the measured interplanar
spacing (d-spacing) for the (220) plane was approximately 2.92 A, which
is in close agreement with the standard value reported for the cubic
magnetite structure of Fe3O4. These observations further corroborate the
XRD results, reinforcing the distinct structural features of the core and
shell regions.

3.4. Magnetic properties

The magnetization curves are presented in Fig. 5. Both
Fe304@S53P4 and Fe304@5Eu:S53P4 bioactive glass nanocomposites
exhibited superparamagnetic behavior at room temperature, as indi-
cated by the absence of coercivity and remanent magnetization in the
magnetic hysteresis loop. The saturation magnetization (c5) values were
determined to be 13.81 emu/g for Fe304@S53P4 and 12.01 emu/g for
Fe304@5Eu:S53P4 particles. The incorporation of Eu®" ions into the
bioactive glass matrix may have caused a slight decrease in the satura-
tion magnetization due to the non-magnetic nature of the glass shell and
the dilution of the magnetic moment. Notably, these values are higher
than those reported for similar multifunctional core-shell nanostructures
such as Fe304@Si0,@Y205:Eut systems, which exhibit saturation
magnetizations in the range of 9.34-11.6 emu/g at room temperature
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Fig. 2. (a) XRD patterns of Fe304@S53P4, and Fe;0,@5Eu:S53P4 and (b) FT-IR spectra of Fe;0,@S53P4, Fe304@1.5Eu:S53P4and Fe304@5Eu:S53P4.
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(a)
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b

Fig. 4. (a) TEM, (b) particle size distribution graph of and (c) HR-TEM images of Fe30,@S53P4.

depending on Eu®" concentration [40]. Additionally, silica-coated
Fe304 particles with varying shell thicknesses have been demonstrated
even lower o5 values (5.38-9.29 emu/g) due to magnetic mass dilution
[41]. These comparisons highlight that our nanocomposites retain
strong magnetic responsiveness while simultaneously offering lumi-
nescent and antibacterial functionalities, positioning them as promising
candidates for advanced theranostic applications.

3.5. PL properties

Photoluminescence (PL) spectroscopy is a valuable method for
investigating the behavior of energy and charge carriers in materials
upon light excitation. In this process, atoms or molecules absorb external
electromagnetic radiation, become excited, and subsequently return to
their ground state by emitting photons. By analyzing the emitted light,

researchers can obtain valuable information about the electronic
structure, defects, and energy transfer mechanisms of the material. PL
spectroscopy is widely used in various fields, including materials sci-
ence, physics and chemistry, as it provides valuable information about
the energy transfer mechanisms and electronic properties of different
substances. It offers a non-destructive and highly sensitive approach to
studying the interactions between light and matter, enabling the scien-
tific community to better understand the fundamental processes
involved in photoluminescence and how they can be utilized in various
applications [51]. In the context of this study, it is extremely important
to determine the responses of doped and undoped S53P4 bioactive
glasses according to the current excitation source and to compare them
with each other, especially in terms of paving the way for biomedical
research, which has accelerated in recent years. As seen in Fig. 6, Eu>*
ions were incorporated into bioactive glasses at concentrations ranging
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Fig. 5. Magnetic hysteresis curves of Fe304@5S53P4, and Fe304@5Eu:S53P4.

from 0.5 to 5 wt%, in order to gain a better understanding of their
luminescence behavior and optimize their performance for potential
biomedical imaging and therapeutic applications.

Fig. 6 shows the effect of doped bioactive glass on the luminescence
profile and thus on its structural properties. Eu®t ions were used as
spectroscopic probes. Under the 349 nm laser excitations, the emission
spectra indicate five emissions at 577, 593, 612, 653, and 703 nm which
are related to the °Dg— 7F0,1, 2, 3, 4 transitions, respectively (Fig. 6a and
e). The intense electric dipole transitions 5D0—>7F2,4 at 612 and 703 nm
depend entirely on the environment of the host matrix in which the
luminescence centers are embedded. >Do— “F; at 593 nm is a magnetic
dipole transition, which is almost unaltered by the crystal field strength
around Eu®", allowed by Laporte’s selection rule and is independent of
the glass medium. In the present matrix, the emission intensity of the
electric dipole transition is higher than that of the magnetic dipole
transition, indicating that Eu®t ions are surrounded by a non-
centrosymmetric crystal field region [52].

The local inversion symmetry around europium ions is determined
by the ratio of the electric dipole transition (5D0—>7F2) to the magnetic
dipole transition (5D0—>7F1) as follows [53-55]:

R/O:(SDO—ﬂFl/SDO—ﬂFl):Iﬂ
1593

The asymmetry ratio of the samples was determined to increase from
1.12 (0.005 doping ratio) to 1.79 (0.05 doping ratio). Lower R/O ratios
typically indicate higher crystal field symmetry. The calculated asym-
metry ratio is found to grow slightly and reaches a maximum at a con-
centration of 0.05. This asymmetry ratio is approximately equal to 2,
indicating that Eu®" also occupies non-centrosymmetric sites [56].

At low Eu®" doping levels, the incorporation of Eu®" activator ions
into the lattice leads to a gradual increase in PL intensity, primarily due
to enhanced absorption of excitation photons. However, as the Eu®*
concentration exceeds a critical threshold, the distance between lumi-
nescent activator ions decreases, thereby increasing the probability of
non-radiative energy transfer. This occurs as a natural consequence of
the increased probability of cross-relaxation transitions between the
emitting ions, leading to a decrease in the radiative emission efficiency.
In the present study, the distance between the Eu3" ions is still not
sufficiently reduced and non-radiative processes cannot be observed.

Deliormanl et al. synthesized Dy and Eu®* doped 5-fluorouracil
bioactive glasses by sol-gel technique. To analyze the luminescence
potential of the bioactive glasses, emission spectra were obtained by
excitation at 305, 337 and 375 nm. These excitation wavelengths closely
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match the excitation source employed in our study, thereby enabling
meaningful comparisons of luminescence efficiency. The luminescence
results show that no concentration quenching was observed, similar to
what we now report [52]. Xue et al. fabricated Eu3+-doped bioactive
glass nanoparticles by sol-gel synthesis and presented their controllable
drug delivery, cell imaging and luminescence properties in detail. The
current results demonstrate that the luminescence intensity increases
with Eu®* concentration without exhibiting concentration quenching,
with the highest emission intensity observed in the BGN-Eu®* bioactive
glass nanoparticles [57]. Another focal point of this study is that when
the luminescence spectrum is analysed, Eu>* characteristic peaks as well
as a broadband spectrum are observed, indicating that the host bioactive
glass nanospheres cannot transfer energy transfer at a sufficient level
and contribute to luminescence. In our present report, no broadband
emission from the bioactive glasses was observed and an effective en-
ergy transfer according to the improved luminescence phenomenon was
attributed to the transfer of Eu®" ions, which act as luminescence acti-
vators, from the bioactive glass spheres.

Fig. 6¢ also shows how the dopant concentration affects the PL peak
intensities of 5S3P4:Eu3+. As seen in the data in the figure, the highest
PL intensity occurs at a dopant concentration of 0.5 wt%. As the dopant
concentration increases from 0.005 to 0.05, the PL emission intensity
first increases slightly with increasing dopant concentration, followed
by a very slight increase from 0.015 to 0.03. However, when the dopant
concentration increases from 0.03 to 0.05, a drastic increase is clearly
observed. However, the concentration quenching phenomenon was not
observed. The reason for this phenomenon is that the Eu®* additive
concentration is not sufficient to cause defects that produce additional
PL, and as a result, the integrated PL intensity did not exhibit concen-
tration quenching.

Fig. 6d represents the CIE 1931 chromaticity diagram used to
analyze the colorimetric properties of Feg04@Eu:S53P4 bioactive glass
nanoparticles. The emission colour was observed to change from the
blue-green region to the white region with increasing Eu®* concentra-
tion, indicating a tunable luminescence. The CIE chromaticity co-
ordinates (x, y) for each Eu®" doping level are included as insets in
Fig. 6¢ and provide a detailed illustration of this colour variation. To
further evaluate the emission properties, the correlated colour temper-
ature (CCT) was calculated using the following McCamy empirical
equation [58]:

T.= — 449n° 4 3525n® — 6823.3n + 5520.33

where T, represents the color temperature (in Kelvin), and n is defined
as:

(x — 0.3320)

"=y —0.1858)

where (x,y) are the CIE colour coordinates. For cool white light appli-
cations, CCT values above 5000 K are known to be suitable. For
increasing Eu®" concentrations, the calculated CCT values show a
gradual decrease from 6826 K to 5504 K. For a doping concentration of
0.05, the CCT value is 5504 K, indicating that the transition from cool
white to neutral white is approaching, making them suitable candidates
for solid state lighting and display applications [59].

The evaluation of the colour purity for the emitting colour is
important to study the effect of Eu>" incorporation in narrow-band light
sources. The colour purity of phosphors was calculated using equation
[60-62]:

Color Purity—\/((x_xlizig y'))z x 100
Xd — X d —Yi

where (%, y) are the color coordinates of the sample, (xi, yi) are the
chromaticity coordinates of the white illuminant (0.333, 0.333) and (xd,
yd) are the coordinates of the dominant wavelength in the emission.
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Fig. 6. (a) PL emission spectrum of Fe30,4@0.5Eu:S53P4, (b) 3D PL intensity map of all the particles, (c) The dependence of Eu®" emission intensity at 612 nm (°D,
— 7F,) as a function of the Eu®* content (d) CIE chromaticity diagram, (e) Schematic energy level diagram of Eu" illustrating charge transfer and radiative

transitions.
<

<

Here, the wavelength corresponding to the 5Dy - 7F, transition is taken as
the dominant wavelength and hence (xd, yd) = (0.67, 0.33) in this work.
The Eu®* concentration ranges from x = 0.5 to x = 5 and the color purity
ranges from 5.84 % to 9.37 % (Table 2). When all these results are
combined with the trend towards the white region in the CIE chroma-
ticity coordinates and the CCT color correlation temperature, the ma-
terial we have developed will be a suitable candidate for solid-state
lighting and WLED’s applications [51].

3.6. Antibacterial activity

Table 3 and Fig. 7 illustrate the antibacterial performance of the
synthesized nanocomposites against Staphylococcus aureus (S. aureus,
Gram-positive) and Escherichia coli (E. coli, Gram-negative), which are
widely employed as representative indicator strains in antibacterial ef-
ficacy assessments. It was observed that all nanocomposites showed
activity against both bacterial species. Notably, variations in antibac-
terial activity were observed with the incorporation of Eu®* into the
nanocomposites. Europium, a rare earth element, is known to possess
concentration-dependent antimicrobial properties, and its presence
significantly enhanced the ability of the nanocomposites to inhibit
bacterial growth and potentially prevent biofilm formation [61,63]. The
effectiveness of Eu in inhibiting bacterial growth and biofilm formation
is influenced by its concentration, which affects its interaction with
bacterial cells and the generation of reactive species that can damage
bacterial structures [64]. Also, another aspect of the nanocomposites
indicates that the capacity of Fe304 magnetic nanoparticles to induce
microbial toxicity stems from various interactions; encompass mem-
brane depolarization leading to the compromise of cellular integrity,
lipid peroxidation, and DNA damage, in addition to the generation of
reactive oxygen species and the liberation of metal ions that disrupt
cellular homeostasis and protein coordination [65]. In this study, the
antibacterial effect of them prepared by adding Eu (0.5 wt%.) at the
lowest concentration was the highest than other samples. It is observed
that the activity decreased significantly with increasing amount of Eu
element. The synthesized samples were found to be more effective
against gram-positive S. aureus.

Overall, Fe304@Eu:S53P4 core@shell structured bioactive glass
particles were successfully synthesized to integrate magnetic, lumines-
cent, and antibacterial functionalities into a single platform. The XRD
results confirmed the preservation of the crystalline magnetite cubic
structure of the FesO4 core, while the S53P4 bioactive glass shell
remained amorphous, even after europium doping. The structural
integrity of the particles was further supported by TEM and HR-TEM
analyses, revealing a clear distinction between the crystalline core and
the amorphous shell with an average particle size of approximately 15
nm.

SEM imaging indicated a morphological shift upon europium
incorporation, transitioning from spherical forms to more anisotropic,
leaf-like structures. This morphological evolution suggests that the
addition of Eu element influenced the nucleation and growth processes

Table 2
The CIE coordinates, CCT values Colour Purity range of Eu-doped
nanocomposites.

CIE Chromaticty Coordinates CCT value (K)  CP (%)
&xy)
Fe30,4@0.5Eu:S53P4 0.3101 0.3110 6826 9.37
Fe;04@1.5Eu:S53P4  0.3137  0.3116 6590 8.50
Fe30,@3Eu:S53P4 0.3137  0.3116 6590 8.50
Fe304@5Eu:S53P4 0.3323  0.3132 5504 5.84

Table 3
Antibacterial activities of all the particles against E. coli and S. aureus.

Sample Inhibition zone (mm)

E. coli S. aureus
Fe30,@S53P4 7.48 + 0.09 8.61 + 1.76
Fe304@0.5Eu:S53P4 8.35 + 0.12* 11.50 + 0.20*
Fe304@1.5Eu:S53P4 7.34 £ 0.53 9.09 + 0.56*
Fe30,@3Eu:S53P4 6.96 + 0.39 8.45 + 0.42
Fe304@5Eu:S53P4 6.94 + 0.42 8.61 + 0.078
Penicillin/Streptomycin 24.95 + 2.55%* 23.40 + 1.60**

*p<0.05 - statically significant, **p<0.001 - highly statically significant.

during synthesis, consistent with previously reported effects of lantha-
nide doping on sol-gel derived systems.

Magnetic characterization demonstrated that both undoped and Eu-
doped particles retained superparamagnetic behavior, which is crucial
for targeted delivery applications. A slight decrease in saturation
magnetization upon Eu doping was attributed to the non-magnetic na-
ture of the glass shell and potential magnetic dilution effects, aligning
with findings reported in similar multifunctional nanocomposite
studies.

Photoluminescence analyses revealed characteristic Eu>" emissions
without evidence of concentration quenching, even at the highest
doping level investigated. The tunable luminescence, as verified by CIE
chromaticity analysis and correlated color temperature (CCT) calcula-
tions, indicated a promising potential for optical tracking and imaging
applications.

Furthermore, antibacterial assessments confirmed the efficacy of the
synthesized particles against both E. coli and S. aureus, with the highest
inhibition observed at the lowest Eu doping level. The observed anti-
bacterial properties are thought to arise from the synergistic effects of
the Fe304 core and the Eu®" ions incorporated into the bioactive glass
matrix.

Taken together, the results demonstrate that Eu-doped particles hold
significant promise for multifunctional biomedical applications that
require the integration of magnetic responsiveness, optical traceability,
and antibacterial performance. In particular, these materials show
strong potential for addressing challenges associated with orthopedic
implant-related infections, bone tissue engineering, and non-invasive
bioimaging applications, where simultaneous therapeutic and diag-
nostic capabilities are highly desirable.

4. Conclusions

In this study, multifunctional Fe304@Eu:S53P4 bioactive glass par-
ticles were successfully synthesized through a two-step method
involving co-precipitation and a modified Stober process. The structural
characterization confirmed the formation of core@shell architecture,
featuring a crystalline Fe304 core and an amorphous Eu®>*-doped S53P4
bioactive glass shell.

Morphological observations revealed that Eu®>* doping influenced
the particle growth behavior, resulting in a transition from spherical to
more anisotropic, leaf-like structures. Furthermore, HR-TEM analyses
confirmed the formation of a core@shell architecture, where the crys-
talline FesO4 core was surrounded by an amorphous S53P4 bioactive
glass shell. The average particle size was determined to be approxi-
mately 15 nm. HR-TEM imaging also revealed an interplanar spacing of
2.92 A corresponding to the (220) plane of the cubic magnetite Fe3Oy4
structure, further corroborating the findings obtained from XRD.

Magnetic measurements demonstrated that both doped and undoped
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(a)

(b)

Fig. 7. Inhibition zone of all components against to E. coli (a) and S. aureus (b): (1-Fe304,@S53P4, 2-Fe304@0.5Eu:S53P4, 3-Fe304@1.5Eu:S53P4, 4-Fe304@3Eu:

S53P4, 5-Fe;0,@5Eu:S53P4).

particles exhibited superparamagnetic behavior, which is critical for
magnetic targeting applications. A slight decrease in saturation
magnetization was observed upon Eu®" doping, attributed to the non-
magnetic nature of the glass shell.

Photoluminescence characterization showed strong and tunable
Eu" emissions without concentration quenching, as validated by CIE
chromaticity analysis and correlated color temperature (CCT) evalua-
tions. These results highlight the potential of the particles for optical
tracking and non-invasive bioimaging. Additionally, antibacterial in-
vestigations showed that all synthesized particles exhibited activity
against both E. coli and S. aureus, with the highest antibacterial perfor-
mance observed at lower Eu®* doping levels.

Taken together, these findings demonstrate that Fes04@Eu:S53P4
particles represent a promising multifunctional platform that integrates
magnetic responsiveness, optical traceability, and antibacterial activity.
With their combined therapeutic and diagnostic capabilities, these
particles are strong candidates for applications in orthopedic implant-
related infection management, bone tissue engineering, and advanced
theranostic strategies, including non-invasive bioimaging and magnetic
particle imaging (MPI).
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