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ABSTRACT

Magnetic nanoparticles (MNPs), particularly SiO:@FesOa core-shell structures, are promising in biomedical
applications like magnetic hyperthermia therapy (MHT) due to their biocompatibility and efficient heat generation
under alternating magnetic fields (AMF). In this study, Fe;O. and SiO@Fe;O« MNPs were synthesized via reverse
co-precipitation and a modified Stober method. Structural and morphological analyses were conducted using XRD,
FTIR, SEM, TEM, and XPS, while VSM assessed magnetic behavior. Particle sizes were approximately 6 nm (FesOa)
and 8 nm (Si0:@Fes04). Magnetic studies confirmed superparamagnetic behavior, indicating their potential for MHT.
This work aligns with SDG 3: Good Health and Well-being, by contributing to the advancement of non-invasive
therapeutic approaches for non-communicable diseases such as cancer.
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INTRODUCTION
Magnetic nanoparticles (MNPs) with well-controlled properties have attracted considerable attention in the
biomedical field, specifically aimed at medical diagnostics and treatment due to their nanoscale size and
unique magnetic behaviors.!> Among these, FesOs (magnetite) and y-Fe.Os (maghemite) are the most
widely studied, offering super Para magnetism and low toxicity, making them ideal for uses such as MRI,
cell sorting, enzyme immobilization', biosensing and bio-electrocatalysis', nucleic acid purification®*
tumor therapy’, and targeted drug delivery.®’ Extensive research has focused on various synthesis and
characterization techniques to produce high-performance FesOs MNPs.® Ideal MNPs require chemical
stability, uniform size distribution, and good dispersibility. To prevent oxidation and preserve magnetic
behavior, a protective coating is essential. Amphoteric hydroxyl ions (HsO*/OH") aid stability via
electrostatic repulsion and interaction with counterions.”!° Recent advances focus on silica-coated Fe;O4
MNPs.!! Tron oxide's strong affinity for silica enables straightforward amorphous silica coating via sol-gel
methods.!? Silica encapsulation improves chemical stability and enables Nano device self-assembly for bio
molecular uses.'>!'*!5 This self-assembly, central to supramolecular chemistry'®, relies on non-covalent
forces such as H-bonding, metal coordination, and van der Waals interactions, offering additional oxidative
protection.!” Silica surfaces form silanol (Si-OH) groups, which readily react with organosilanes through
Si—O-Si covalent bonds. Surfactant-induced Langmuir monolayers exemplify this process.'®!2?° providing
a stable interface for biomolecule interaction. Amorphous silica has gained prominence as a coating
material in the past decade.?'*>* The strength and structural performance of magnetic nanocomposites
depend greatly on the uniformity and level of magnetic phase dispersion in the SiO: framework. Small,
single-domain nanoparticles are preferred for their high magnetization under external fields. Silica
encapsulation prevents oxidation, minimizes iron ion leakage, and provides a biocompatible surface for
biomolecular interactions.?* Its hydrophilicity further facilitates purification procedures.”>* As a result,
silica-coated magnetic beads are increasingly employed in biomedical fields cell separation, drug delivery,
tumor cell removal, and genetic analysis through nucleic acid (DNA/RNA) extraction.?”-?® Magnetic
separation techniques also enable efficient protein purification due to their phase-switching capability and
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high surface area. Additionally, they are useful in pathogen detection and diagnostics.?’ SiO2@Fe;Os MNPs
are particularly promising in magnetic hyperthermia therapy (MHT) due to their biocompatibility and
efficient heat induction under an alternating magnetic field (AMF). The FesOs core ensures
superparamagnetic response, while the SiO: shell enhances colloidal stability, prevents aggregation, and
supports functionalization for targeted drug delivery.3®3! Optimized particle sizes (~10-50 nm) and
controlled coatings improve dispersion and reduce cytotoxicity. These MNPs can selectively elevate tumor
temperatures to 42—45 °C, promoting apoptosis and enhancing chemo/radiotherapy. Current research
targets improved surface engineering, combinational therapies, and in vivo efficacy and safety.*>* This
study focuses on the synthesis of FesOs MNPs and their silica-coated counterparts, examining their
structural and magnetic properties. FTIR analysis assessed chemical composition, while XRD confirmed
crystal structure. XPS provided element-specific structural insights, and TEM evaluated crystal
morphology and silica coating quality. This work aligns with SDG-3: Good Health and Well-being, by
contributing to the advancement of non-invasive therapeutic approaches for non-communicable diseases
such as cancer.

EXPERIMENTAL
Materials
All substances involved in the preparation of FesO4 and SiO-@Fe;O4 were of analytical reagent (AR) grade
and did not require any further refining. Ferrous Sulphate heptahydrate [FeSO4-7H20] (98%), ammonium
hydroxide [NHsOH] (25%), tetraethyl orthosilicate (TEOS), and ethanol were all supplied by Sigma
Aldrich and were used as received.

Synthesis of SiO:@Fes0+ Composite NPs

The SiO:@FesO+ (MNPs) were synthesized using a reverse co-precipitation process (Scheme-1). Initially,
100 mL of a 0.05M ferrous Sulphate heptahydrate solution,20 mL of 98% ethanol, was mixed with 1 mL
of TEOS and stirred for 120 minutes. Then, 7 mL of 25% ammonium hydroxide was added to this mixture,
which was stirred further for 15 minutes. Following this, the hydrolysis and condensation of TEOS were
performed under continuous stirring for 12 hours. pH is adjusted to 13 during the procedure. Finally, the
product was rinsed with ethanol, then dried in a furnace at 600°C before being pulverized into a fine powder.
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Scheme-1: Graphical abstract of SiO,@ Fe;O4 MNP

Experimental Setup for Studying Magnetic Properties

A Vibrating Sample Magnetometer was utilized to evaluate the magnetic behavior of the samples. In this
technique, the sample is vibrated within a uniform magnetic field, which induces a changing magnetic flux.
According to Faraday’s Law, the fluctuation in magnetic flux produces a voltage in the sensing coils,
directly related to the magnetization of the material. The VSM records the magnetic hysteresis loop, which
provides important parameters such as coercivity, saturation magnetization, and remanence, offering
valuable insights into the sample’s ferromagnetic behavior.

RESULTS AND DISCUSSION
X-Ray Diffraction (XRD) Study
Figure-1 confirms the crystalline structure of both Fe;O4 and SiO2@FesOs NPs. The characteristic peaks
matched those in the JCPDS card no. 19-0639, with the most intense peak appearing at 35.87°, which
corresponds to the y-FesOa phase. After coating with SiO., the patterns showed signals from both magnetite
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and silica, but the FesOa crystal structure remained largely unaffected. A slight broadening of peaks
suggested the particles were nanoscale in size, estimated at about 6 nm for FesO4 and around 8 nm for
SiO:@Fes04. These findings are in good agreement with previously reported studies.
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Fig.-1: XRD Pattern of Prepared SiO>@ Fe3O4
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FTIR Spectroscopy Study

Figure-2 displays the FTIR spectra of Fe;O4 and SiO:@FesO4 nanoparticles. The characteristic Fe-O-Fe
stretching vibration at 640 cm™ confirmed the presence of Fe;Oa. A distinct band at 1400 cm™ indicated
Fe—O-Si bonding, which confirms that the SiO- coating was successful. Additionally, peaks observed at
1102 cm™ and 790 cm™* corresponded to the stretching and bending vibrations of the O—Si—O group, further
verifying the presence of silica.
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Fig.-2: FTIR image of Prepared SiO,@ Fe;04

X-ray Photoelectron Spectroscopy (XPS) Study

Figure-3 displays the XPS survey spectra of FesO4 nanoparticles and their silica-coated counterparts. The
presence of iron, oxygen, and silicon was confirmed by photoelectron peaks at approximately 710/725 eV
(Fe 2p), 533 eV (O 1s), and 106 eV (Si 2p), respectively. Notably, the intensity of the Fe peaks was reduced
in the SiO2@Fes;04 sample, indicating that the FesOa4 core was successfully encapsulated by the silica shell.

o1s

Intensity (a.u.)

--»«-.—--—-—c-..___..ﬁ__‘._‘_“q

Si2s si2p

1200 1000 800 600 400 200 o

Binding energy (eV)

Fig.-3: XPS Survey Spectrum of SiO>@ Fe3;04

Scanning Electron Microscopy (SEM) Study

Figure-4 displays SEM images, which demonstrate that the SiO:@Fes;O4 nanoparticles are mostly well
dispersed, although small agglomerates are still present due to residual magnetic and van der Waals forces
between the magnetite cores. While silica coating improves colloidal stability, it does not entirely prevent
clustering. The slight variations in particle size across the sample likely reflect differences in nucleation
and growth rates during synthesis.

1908
STUDY OF SILICA-COATED IRON OXIDE NANOPARTICLES K. Satyam Naidu et al.



RASAYAN J. Chem.
Vol. 18 | No. 4 |1906-1912| October-December | 2025

Fig.-4: SEM images of the Surface of SiO»@ Fe304

Transmission Electron Microscopy (TEM) Study

TEM analysis (Fig.-5a & 5b) showed that FesO4 nanoparticles have a spherical shape with some size
variation. For the SiO:@Fe;O4 nanoparticles, clear core-shell structures were observed, consisting of a
magnetite core around 6 nm in size, the structure is encased in a silica shell measuring about 2 nm in
thickness. This confirms successful coating and consistent nanoscale size. Figure-5¢ presents the particle
size distribution in the form of a histogram, indicating that the particles range in size from 4 to 14 nm,
exhibiting an average size close to 8 nm. Further, the SAED (Fig.-5d) patterns typically display concentric
discrete spots corresponding to the spinel cubic structure of magnetite, with reflections indexed to planes
such as (220), (311), (400), and (511).
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Fig.-5: (a) TEM image of the SiO>@ Fe;0;4 Fig.-5: (b) TEM image of SiO>@Fe;04 NP
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Fig.-5: (c) Size Distribution of SiOx@Fe;04 NP. Fig.-5: (d) SAED of SiO@Fe3;04 NP.

Magnetic(M-H) Study

Figure-6 and Table-1 illustrate the magnetic behavior of Fe;Os and SiO-@FesOs NPs. The measured
saturation magnetization (Ms) values were found to be 83.5 and 42.3 emu/g, respectively, demonstrating
ferromagnetic behaviour at room temperature. The lower Ms value in the SiO@FesO4 sample is attributed
to the dilution effect caused by the non-magnetic silica shell. Both samples showed superparamagnetic
characteristics, supported by their low remanence and coercivity. This is typical for nanoparticles smaller
than 10 nm, consistent with the ~8 nm size determined by XRD. These magnetic properties suggest that
these materials could be well-suited for applications such as magnetic hyperthermia.
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Table-1: Characterization of Magnetic Properties in the Synthesized MNPs

S. No. Sample(s) Saturation Magnetization | Remanent Magnetization | Coercivity [Hc]
[Ms] (emu g™ [Mr] (emu g™) (Koe)
Fe;O4 MNp 83.5 0.137 3.42
2 Si02@Fe;04 MNp 42.3 0.119 1.49
CONCLUSION

SiO2@FesO4 magnetic nanoparticles were successfully prepared via a reverse coprecipitation process.
Structural analyses confirmed crystalline magnetite cores with uniform silica shells. The Si—O-Fe interface
influenced magnetic behavior by introducing antiferromagnetic interactions and reducing ferromagnetic
coupling. Magnetic studies revealed superparamagnetic properties with low remanence and coercivity,
ideal for applications like magnetic hyperthermia and targeted drug delivery. The silica coating enhanced
stability, biocompatibility, and surface functionalization potential. Future research should focus on surface
modification, biocompatibility evaluation, and optimizing in vivo performance for advanced biomedical
applications.
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