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ABSTRACT

Non-stoichiometric magnesium—iron oxides are promising multifunctional nanomaterials, yet integrated links between structure,
optics, and antimicrobial response remain insufficiently resolved. Here, Mgo.oiFeo.sO nanoparticles were synthesized by a sol—gel
route (drying at 100 °C, calcination at 550 °C) and systematically characterized by XRD, FTIR, and UV-Vis, then evaluated
biologically against Staphylococcus aureus using the agar diffusion method (ADM) and spread plate method (SPM). FTIR
revealed a spinel-type ferrite lattice with characteristic metal-oxygen stretching at ~546 cm™ (tetrahedral) and ~419 cm™
(octahedral), alongside surface O—H/H-O bands at ~3439 and ~1630 cm™ and a weak carbonate feature near 1468 cm™, consistent
with nanostructured oxides stored in air. The UV-Vis spectrum displayed a sharp ultraviolet edge and a weak sub-gap tail. Tauc
analysis of (ahv)? versus hv (direct-allowed transition) yielded an optical band gap E,=3.85 eV, indicating an electronically wide-
gap oxide in which visible-light activity is expected to be dominated by defect/surface states rather than bulk interband absorption.
Antibacterial testing against S. aureus showed a clear inhibition halo in ADM with diameter D=16 mm (ring width = 5 mm; net
inhibitory area An=172.8 mm? for a 6-mm disc), indicating moderate potency at the tested loading. Complementary SPM
quantified surviving cells at 275 colony-forming units (CFU), within the 30-300 countable range (Poisson relative standard error
~ 6%), confirming a finite but reduced viable fraction after exposure. Collectively, the results connect phase-consistent structure
and a wide optical gap to reproducible anti-staphylococcal activity, plausibly mediated by reactive oxygen species and limited ion
release. Future work should include matched controls for log-reduction metrics, increased replication, dispersion standardization,
and contact/light-assisted assays to resolve defect-driven pathways.
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INTRODUCTION

Magnesium ferrites and their derivatives have emerged as a versatile class of materials due to their exceptional structural stability,
tunable magnetic properties, and promising optical and biological functionalities [1]. The Mg—Fe—O system, particularly in non-
stoichiometric forms such as Mgo.oiFeo.0O, offers enhanced control over lattice defects, cation distribution, and particle
morphology, which directly influence their physicochemical behavior [2]. In their ideal crystalline state, magnesium ferrites adopt
an inverse spinel structure, where Mg?* and Fe*' ions occupy both tetrahedral (A) and octahedral (B) sites in the oxygen
framework [3]. By intentionally deviating from stoichiometry, it is possible to tailor key parameters such as lattice constant,
crystallite size, and electronic band structure [4], which has direct implications for optical absorption, conductivity, and catalytic
activity [5].

The sol-gel method has gained prominence as a reliable, cost-effective, and scalable synthesis route for nanostructured ferrites
[6]. This wet-chemical approach involves hydrolysis and polycondensation of metal precursors, forming a colloidal gel that is
subsequently dried and calcined to obtain crystalline nanoparticles [7]. The sol-gel technique offers several advantages over
traditional solid-state synthesis, including lower calcination temperatures, uniform cation mixing at the molecular scale, and better
control of particle size distribution [8]. For Mgo.o1Feo.s0, such precise compositional control ensures consistent phase purity and
enhances functional performance [9].

Optical properties play a critical role in determining the functional applications of ferrite nanoparticles. The absorption coefficient
and optical band gap (Es) can be tuned by manipulating particle size, morphology, and defect density [10]. In Mg—Fe—O systems,
the band gap typically lies in the range of 1.8-2.5 eV, making them suitable for photocatalysis, solar energy harvesting, and
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bioactive applications [11]. Band gap engineering also has significant implications for antibacterial performance, as it influences
light-induced ROS generation and electron transfer processes [12].

Antibacterial activity in ferrites is attributed to multiple mechanisms: (i) dissolution of metal ions (Mg?*, Fe**) that interfere with
bacterial metabolic pathways, (ii) generation of reactive oxygen species leading to oxidative stress, and (iii) direct physical
disruption of bacterial membranes via nanoparticle adhesion [13]. The structural differences between Gram-positive bacteria (e.g.,
Staphylococcus aureus) and Gram-negative bacteria (e.g., Escherichia coli) affect their susceptibility to nanoparticles [14]. Gram-
positive bacteria have thicker peptidoglycan layers, whereas Gram-negative bacteria possess an additional outer membrane that
can either hinder or facilitate nanoparticle penetration depending on surface charge and hydrophobicity [15].

With the increasing prevalence of antibiotic-resistant strains, there is a growing demand for multifunctional materials that
combine robust structural stability, tunable optical properties, and potent antibacterial activity [16]. Non-stoichiometric
Mgo.o1Feo.sO synthesized via sol-gel offers a promising pathway to meet these requirements by enabling precise control over
crystallinity, defect density, and surface chemistry. This makes it an ideal candidate for integrated structural, optical, and
biological studies aimed at biomedical, environmental, and photocatalytic applications [17].

Research on magnesium ferrites and their non-stoichiometric derivatives has grown significantly over the past decade, particularly
in the context of structural, optical, and antibacterial applications. Numerous studies have reported the successful synthesis of
Mg-Fe-O nanoparticles using the sol-gel route, revealing the method’s potential for producing fine-grained, phase-pure
nanocrystals with controlled morphology [18]. For instance, Patel et al. synthesized MgFe.O4 nanoparticles via sol-gel and
observed that decreasing the calcination temperature led to reduced crystallite sizes and enhanced surface area, which directly
improved photocatalytic performance [19]. Similarly, Kim et al. employed a citric acid-assisted sol-gel route to achieve
homogeneous cation distribution, leading to improved magnetic and dielectric properties [20].

X-ray diffraction (XRD) remains the gold standard for phase identification and crystallite size estimation in ferrite systems [21].
Studies on Mg-Fe-O have consistently shown that the inverse spinel phase can be stabilized at relatively low calcination
temperatures when synthesized via sol-gel [22]. Rietveld refinement of XRD data has been widely used to determine lattice
constants, cation occupancy, and microstrain, offering insights into how compositional deviations influence structural stability
[23].

Fourier-transform infrared spectroscopy (FTIR) provides complementary information by identifying the characteristic metal—
oxygen vibrations in tetrahedral and octahedral sites [24]. Several works have confirmed that Mg—O stretching typically appears
in the higher frequency range (~600 cm™), while Fe—O vibrations dominate the lower frequency range (~400 cm™) [25]. These
features shift depending on particle size, cation substitution, and defect concentrations, making FTIR a useful probe for
confirming compositional tuning.

Optical studies on ferrite nanoparticles often focus on the absorption spectra and Tauc plot analysis to determine the band gap
energy (Eg) [26]. The reported values for MgFe:O4 range from 1.8 eV to 2.5 eV, with smaller particles generally exhibiting higher
Ey due to quantum confinement effects. For biomedical applications, tuning the band gap to optimize light-induced ROS
generation has been proposed as an effective strategy for enhancing antibacterial action [27].

Antibacterial investigations have shown that ferrite nanoparticles can inhibit the growth of both Gram-positive and Gram-negative
bacteria, although the efficiency varies with particle size, surface chemistry, and bacterial strain [28]. Singh et al. reported that
MgFe>O4 nanoparticles demonstrated a zone of inhibition against E. coli and S. aureus, with enhanced activity observed for
smaller crystallite sizes and higher defect densities [29]. Furthermore, the antibacterial mechanism has been linked to oxidative
stress, membrane disruption, and ionic toxicity, with ROS generation playing a central role [30].

Despite these advancements, most studies focus on either structural/optical properties or antibacterial activity in isolation, rather
than integrating these aspects into a comprehensive analysis. Few works have addressed the correlation between crystallite size,
lattice strain, optical band gap, and antibacterial performance for non-stoichiometric Mg—Fe-O compositions. This integrated
approach is necessary to establish a clear structure—property—function relationship, which is critical for designing multifunctional
nanomaterials with predictable performance in biomedical and environmental applications [31].

Although magnesium ferrites and their derivatives have been extensively investigated, the majority of studies have examined their
structural, optical, or biological characteristics in isolation, rather than integrating these aspects into a single, coherent analysis
[28]. This separation of focus has limited the ability to establish robust correlations between fundamental material properties (e.g.,
crystallite size, lattice strain, band gap energy) and functional outcomes such as antibacterial efficiency [29]. Specifically, for non-
stoichiometric Mgo.os1Feo.00O, the interplay between composition, microstructure, and optical activity remains underexplored.
Without a systematic understanding of these relationships, the optimization of such materials for targeted applications is hindered
[30].

From a synthesis perspective, while the sol-gel method has been recognized for producing fine-grained ferrite nanoparticles with
high homogeneity, its process parameters—such as precursor ratios, pH control, gelation time, and calcination temperature—can
significantly influence phase formation, defect states, and cation distribution [31]. However, the influence of deliberate
magnesium deficiency (as in Mgo.o1Feo.90) on phase purity and lattice distortion has not been sufficiently addressed [32]. This gap
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is critical because cation imbalance affects not only the structural integrity but also electronic transitions and charge carrier
dynamics, which directly impact optical absorption and ROS generation [33].

Optical properties, particularly the absorption coefficient and optical band gap (Es), have been measured for stoichiometric
MgFe:0O4 and certain doped variants [34]. Yet, there is limited data on how magnesium deficiency shifts the Eo, alters defect-
related absorption features, and changes light-matter interactions in a way that could enhance or suppress antibacterial activity
[35]. Furthermore, no consensus exists on whether narrowing or widening the band gap in Mg—Fe-O systems is more favorable
for antibacterial applications, especially when using visible light as a trigger for photocatalytic disinfection [36].

On the biological front, studies have demonstrated that ferrite nanoparticles can effectively inhibit the growth of both Gram-
positive and Gram-negative bacteria, but there is a lack of standardized protocols for comparing results across different
experimental setups [37]. The Agar Diffusion Method (ADM) provides information on inhibition zones but is influenced by
nanoparticle diffusion rates through agar, while the Spread Plate Method (SPM) quantifies viable bacterial colonies but may
underestimate antibacterial effects if ROS generation is transient or spatially localized. Very few works have used both methods in
parallel to evaluate the same nanoparticle composition, making cross-validation of antibacterial results rare [38].

In summary, while sol-gel-synthesized Mg—Fe—O ferrites are promising candidates for multifunctional applications, there is a
pressing need for integrated studies that:

1. Precisely control non-stoichiometry and link it to changes in crystallinity, lattice strain, and vibrational modes.
2. Quantify optical responses (absorption spectra, Es) under identical synthesis and characterization conditions.
3. Validate antibacterial activity using both ADM and SPM for multiple bacterial strains (E. coli, S. aureus).

Without such comprehensive datasets, the design of ferrite-based antibacterial agents remains largely empirical, hindering
progress in biomedical, environmental, and photocatalytic applications.

Although significant progress has been made in the synthesis and characterization of magnesium ferrites, several critical research
gaps remain. First, most reported studies have focused on stoichiometric MgFe2Oa or doped variants, with very few investigating
non-stoichiometric compositions such as Mgo.o1Feo.00 [38]. Magnesium deficiency alters cation distribution between tetrahedral
and octahedral sites, modifies the oxygen sublattice, and changes defect densities—all of which can profoundly affect structural,
optical, and antibacterial properties. However, these effects have not been systematically studied in a unified experimental
framework [39].

Second, correlation studies linking microstructural features (e.g., crystallite size, microstrain, and lattice parameter variations from
XRD) with optical properties (e.g., absorption edge shift, band gap tuning) are limited [40]. While there is evidence that particle
size reduction in ferrites leads to band gap widening via quantum confinement, no comprehensive datasets exist for Mg—Fe-O
systems synthesized under controlled non-stoichiometric conditions. Such relationships are essential for predicting and tuning the
functional performance of nanoparticles for specific applications.

Third, the role of optical properties in antibacterial performance remains unclear [41]. For many ferrite systems, antibacterial
activity is primarily attributed to ion release and ROS generation, yet the possible contribution of band gap-mediated
photoactivation—especially under ambient or visible light—has been largely overlooked. Given that Mgo.s1Feo.0O may exhibit
band gaps in the visible range, investigating the interplay between optical absorption and bactericidal action is critical for
developing light-assisted antimicrobial agents.

Fourth, in biological testing, there is a lack of methodological consistency. The Agar Diffusion Method (ADM) provides
qualitative zone-of-inhibition data, whereas the Spread Plate Method (SPM) offers quantitative viable cell counts [42]. Very few
studies have implemented both methods under identical conditions for the same material, which limits the reliability of
antibacterial performance comparisons. This gap is particularly important because some antibacterial effects may not be
adequately captured by a single technique—ADM can underestimate activity for non-diffusive nanoparticles, while SPM can fail
to reflect transient ROS-mediated damage.

Finally, there is insufficient focus on integrated characterization pipelines that combine structural (XRD, FTIR), optical (UV-Vis
absorption, Tauc plots), and antibacterial assays in one comprehensive study. Bridging these datasets is essential for establishing
predictive models and structure—property—function correlations that could accelerate the rational design of multifunctional ferrites.

MOTIVATION

Addressing these gaps would not only advance fundamental understanding but also have practical significance in biomedical and
environmental domains. The rising prevalence of antibiotic-resistant bacteria necessitates alternative antimicrobial strategies, and
metal oxide nanoparticles with tunable optical and structural properties are prime candidates. By exploring Mgo.s1Feo.sO through
an integrated experimental approach, it becomes possible to design nanomaterials whose physical properties are intrinsically
linked to their biological function, paving the way for targeted, efficient, and scalable antibacterial solutions.
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The primary objective of this study is to conduct a comprehensive structural, optical, and biological investigation of sol—gel-
derived Mgo.o1Feo.sO nanoparticles, with the goal of establishing clear correlations between synthesis parameters, microstructural
features, electronic band structure, and antibacterial performance [43]. This requires integrating data from X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), optical absorption measurements, and antibacterial assays against both
Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive) using two complementary methods: the Agar
Diffusion Method (ADM) and the Spread Plate Method (SPM) [44].

SPECIFIC OBJECTIVES INCLUDE

1. Synthesis Optimization — Employ the sol-gel method to produce phase-pure Mgo.o:F€o.sO nanoparticles, ensuring
uniform cation distribution and controlled particle size by fine-tuning precursor concentrations, pH, gelation time, and calcination
conditions [45].

2. Structural Characterization — Use XRD for phase identification, crystallite size estimation via the Scherrer equation, and
lattice parameter determination. Apply FTIR to confirm characteristic Mg—O and Fe—O vibrations, and assess possible frequency
shifts related to magnesium deficiency [46].

3. Optical Property Evaluation — Record UV-Vis absorption spectra, calculate the absorption coefficient, and determine the
optical band gap (Es) using Tauc plot analysis. Investigate the relationship between particle size, defect density, and E» variation
[47].

4. Antibacterial Assessment — Evaluate antibacterial activity against E. coli and S. aureus using ADM to measure inhibition
zones and SPM to quantify viable colony-forming units (CFU). Compare results from both methods to validate antibacterial
efficiency [48].

5. Correlation Analysis — Establish relationships between structural parameters (lattice constant, crystallite size, strain),

optical properties (absorption edge, E»), and antibacterial outcomes (ZOI, CFU reduction), to identify key material features that
enhance bactericidal activity [49].

SCOPE OF THE STUDY

The research focuses on a single, non-stoichiometric Mg—Fe—O composition (Mgo.o1Feo.90) to isolate the effects of magnesium
deficiency on material properties. The sol-gel route is selected due to its advantages in producing homogeneous nanopowders
with high phase purity at relatively low calcination temperatures. Characterization is limited to structural (XRD, FTIR) and optical
(UV-Vis) techniques, alongside antibacterial assays under ambient laboratory conditions.

The antibacterial evaluation targets two clinically relevant bacterial strains—E. coli (Gram-negative) and S. aureus (Gram-
positive)—as representative models for broad-spectrum antimicrobial performance. Only in vitro methods are employed; in vivo
studies, cytotoxicity testing on mammalian cells, and long-term stability assessments are outside the current scope [50].

By combining structural, optical, and biological results, this work aims to bridge the gap between fundamental materials science
and practical antimicrobial applications. The scope ensures that findings can be compared with existing literature while providing
a unique dataset that integrates multiple functional aspects of Mgo.o1Feo.90 in a single study [51].

The present study offers a novel and integrated approach to understanding the structural, optical, and antibacterial characteristics
of sol-gel-derived Mgo.s1Feo.0O nanoparticles, addressing multiple knowledge gaps identified in prior research [52]. While
magnesium ferrites have been extensively studied, investigations on non-stoichiometric compositions with intentional magnesium
deficiency remain rare [53]. This work not only explores such a composition but also systematically correlates the structural,
optical, and biological data, providing a comprehensive insight into the synthesis—structure—property—function relationship.

NOVELTY ASPECTS OF THIS WORK INCLUDE

1. First integrated study on Mgo.siF€0.sO combining structural (XRD, FTIR), optical (absorption spectra, Tauc-derived E,), and
antibacterial (ADM and SPM) results within the same research framework [54].

2. Dual-method antibacterial validation using both the Agar Diffusion Method (ADM) and Spread Plate Method (SPM) against
E. coli (Gram-negative) and S. aureus (Gram-positive), allowing cross-verification of bactericidal performance under identical
experimental conditions [55].

3. Band gap-antibacterial correlation—this study investigates how changes in optical band gap, arising from magnesium
deficiency and nanoscale effects, influence antibacterial efficiency, particularly in terms of ROS generation potential [56].

4. Structural-biological link—by examining crystallite size, lattice strain, and vibrational modes alongside bacterial inhibition
data, the work identifies material features that contribute most significantly to antimicrobial activity [57].
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5. Focused non-stoichiometry analysis—the deliberate deviation from stoichiometry in Mg—Fe-O systems is studied here not
just for phase stability but for its implications on functional performance, which has not been systematically addressed in prior
ferrite research [58].

CONTRIBUTIONS TO THE FIELD

o Materials Science Contribution: This research expands the understanding of how sol-gel processing parameters and
magnesium deficiency influence the microstructure, lattice dynamics, and optical properties of Mg—Fe—O nanoparticles [59].

. Optical Property Contribution: The work provides a detailed dataset linking particle size, lattice strain, and defect states
to band gap variations, offering potential guidelines for band gap engineering in ferrites [60].

. Antibacterial Application Contribution: By applying both qualitative (ADM) and quantitative (SPM) antibacterial assays
to the same samples, this study sets a precedent for more reliable and reproducible evaluation of nanoparticle antibacterial
performance [61].

) Methodological Contribution: The integrated synthesis—characterization—testing workflow presented here can serve as a
model for future multifunctional nanoparticle studies, encouraging a more holistic approach in materials research [62].

Overall, this work is positioned at the intersection of materials science and biomedical application development, offering a rare
combination of compositional tuning, detailed physical characterization, and robust biological testing. The findings are expected
to aid researchers in designing ferrite nanoparticles with predictable and tunable antibacterial performance, contributing to the
broader goal of developing sustainable alternatives to conventional antibiotics [63].

This paper is organized into five main sections to provide a clear and logical presentation of the research work. Following this
Introduction, which outlines the background, literature review, problem statement, research gap, objectives, novelty, and
contributions, the Materials and Methods section presents the detailed synthesis procedure for Mgo.o1Feo.sO nanoparticles using
the sol-gel method. It includes information on the chemical precursors, synthesis parameters, and calcination conditions, as well
as descriptions of the characterization techniques employed, namely X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), ultraviolet—visible (UV-Vis) spectroscopy, and antibacterial evaluation methods (Agar Diffusion Method
and Spread Plate Method). The Results and Discussion section integrates the structural, optical, and antibacterial findings. The
XRD results provide insights into phase purity, crystallite size, and lattice parameters, while the FTIR spectra confirm the
vibrational modes associated with Mg—O and Fe—O bonds. The optical characterization subsection presents the absorption spectra,
absorption coefficient calculations, and Tauc plot analysis to determine the optical band gap (Es). The antibacterial activity results
against E. coli and S. aureus are discussed in detail, comparing inhibition zones from ADM with viable cell counts from SPM.
This section also correlates structural and optical parameters with antibacterial performance to identify key factors influencing
bactericidal efficiency. The Conclusion section summarizes the key findings, highlighting the relationships between magnesium
deficiency, structural features, band gap variation, and antibacterial activity. It also discusses the implications of these results for
designing multifunctional ferrite nanoparticles for biomedical and environmental applications.

MATERIAL AND METHODS

The synthesis process for Mgo.s1Feo.sO nanoparticles was carried out via a controlled solution-based route using magnesium
chloride dihydrate (MgCl.-2H20) as the magnesium precursor. The procedure, as illustrated in the provided flow diagram,
comprised the following sequential steps:

PRECURSOR PREPARATION

Stoichiometric amounts of MgClz-2H.O were accurately weighed and dissolved in distilled water (H20) under continuous stirring.
The distilled water ensured the absence of ionic impurities that could affect phase formation and particle morphology.

ACID ADDITION AND STIRRING

A measured volume of acid (commonly dilute HCI or citric acid solution, depending on the synthesis protocol) was added
dropwise to the solution under vigorous stirring. This step served multiple purposes: controlling the pH, preventing premature
precipitation, and aiding in complete dissolution of the salt precursors. Continuous stirring ensured homogeneous mixing at the
molecular level, which is critical for uniform cation distribution in the final oxide phase.

DRYING

The homogeneous solution was heated to 100 °C to promote solvent evaporation, leading to the formation of a semi-solid gel or
powder. This drying process removed excess water and volatile components, while initiating partial hydrolysis and condensation
of metal cations.
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CALCINATION

The dried precursor powder was transferred to a high-temperature furnace and subjected to calcination at 550 °C for a
predetermined duration (typically 3—-4 hours). This thermal treatment decomposed residual chlorides and organic components,
induced crystallization of the oxide phase, and improved particle stability. The chosen calcination temperature was sufficient to
form nanocrystalline Mg—Fe—O spinel structures while preventing excessive grain growth.

FINAL COMPOSITION

The resulting nanoparticles exhibited a magnesium oxide to iron ratio (MgO : Fe) of approximately 9 %, confirming that the target
non-stoichiometric composition Mgo.o1Feo.sO was achieved. This compositional tuning is important for modifying cation
distribution and defect density, which directly affect optical and antibacterial properties.

This procedure ensures the synthesis of high-purity, fine-grained Mg-Fe-O nanoparticles with controlled non-stoichiometry
suitable for further structural, optical, and biological characterization. The combination of low drying temperature and moderate
calcination facilitates the retention of nanoscale features, which are critical for enhancing surface reactivity and functional
performance.

Fig. 1 presents the schematic flow diagram of the synthesis procedure for Mgo.o1Feo.0O nanoparticles via the solution-based route
using magnesium chloride dihydrate (MgCl.:2H-0) as the precursor. The process involves dissolution of the salt in distilled water,
pH adjustment by acid addition under stirring, drying at 100 °C to remove moisture, followed by calcination at 550 °C to obtain
the final oxide composition with a MgO:Fe ratio of 9%.

Distilled
Water H,0

\ J
|

Stirring
add acid

l

Drying at
100°C

l

Calcination |
at 550°C

l

MgO: Fe
9%

MgCL,.2H,0 | 1,

N N N

Fig. 1: Schematic representation of the synthesis steps for Mgo.s:Fee.sO nanoparticles, showing precursor preparation, pH
adjustment, drying, calcination, and final product composition
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RESULTS AND DISCUSSION

Fig. 2 presents the Fourier-transform infrared (FTIR) spectrum of Mgo.s:Feo.0O nanoparticles in the range of 4000-400 cm,
revealing the characteristic vibrational modes associated with hydroxyl groups, carbonate impurities, and intrinsic metal-oxygen
bonds of the spinel ferrite lattice. A broad and intense absorption band centered at 3439.08 cm™ is attributed to the O—H stretching
vibrations of adsorbed surface water and hydroxyl groups, which are commonly present in nanostructured oxides due to their high
surface area and strong affinity for atmospheric moisture. The band observed at 1629.85 cm™ corresponds to the bending
vibration (8H-O—H) of physically adsorbed water molecules, further supporting the presence of moisture retention after calcinatio
n [64].

A noticeable absorption peak at 1467.83 cm™ can be assigned to the asymmetric stretching vibrations of carbonate (COs*")
groups, which likely arise from atmospheric CO. adsorption onto the alkaline oxide surface. The medium-intensity peak at
1078.21 cm™ may be linked to residual precursor-related groups such as nitrates or organics, although its relatively low intensity
suggests effective decomposition during calcination. Another distinct band at 858.32 cm™ is associated with Fe—O stretching
vibrations within the tetrahedral coordination sites of the spinel structure, indicating the incorporation of Fe** ions into the lattice
framework.

The most prominent fingerprint region for spinel ferrites is observed at lower wavenumbers. A strong band at 545.85 cm™
corresponds to intrinsic Fe—O stretching in tetrahedral sites, while the absorption band at 418.55 cm™ is characteristic of metal—
oxygen stretching in octahedral coordination, arising from both Mg—O and Fe-O bonds. The presence of these two distinct low-
frequency modes confirms the successful formation of a mixed tetrahedral—octahedral spinel structure.

The FTIR analysis verifies that the synthesized Mgo.o1Feo.0O nanoparticles possess the expected spinel ferrite structure, with clear
evidence of metal-oxygen vibrations in both crystallographic sites. The detection of O—H and COs?~ groups reflects minor surface
adsorption phenomena typical for oxide nanoparticles exposed to ambient conditions. These findings complement the XRD
results, reinforcing the conclusion that the sol-gel synthesis route effectively yielded phase-pure, crystalline Mg-Fe-O
nanoparticles with the targeted non-stoichiometric composition [3].

100
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Fig. 2. FTIR spectrum of Mge.s1Fe0.sO nanoparticles showing characteristic peaks associated with O—H, carbonate, and
metal-oxygen vibrations
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Table 1 presents the FTIR peak positions of the synthesized Mgo.o1Feo.sO nanoparticles together with their vibrational assignments
and brief notes on origin/significance. The low-wavenumber doublet (~545 and ~418 cm™) confirms the spinel ferrite lattice
through Fe—-O/Mg-O stretching in tetrahedral (A) and octahedral (B) sites, respectively, while higher-wavenumber bands arise
from surface species (physisorbed H.O, —OH, and adventitious carbonates).
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Table 1. FTIR bands of Mge.s1Fee.sO nanoparticles and their assignments

Wavenumber (cm™?) Assignment Site / species Interpretation / notes
3439 v(O-H) stretching Adsorbed H.0 / Broad band indicating surface hydroxylation typical of
surface —-OH oxide nanoparticles
1629.9 8(H-O-H) bending Adsorbed H-O Residual moisture after calcination; consistent with 3439
cmt
1467.8 v3(COs?*") asymmetric Surface carbonate Adventitious CO. uptake on alkaline oxide surface
stretch
1078.2 v(NOs")/v(C-0) (weak) Residual Low intensity; suggests near-complete decomposition
precursor/organic during calcination
858.3 Fe—O stretching Tetrahedral (A) Auxiliary metal-oxygen feature in spinel region
(weak/medium)
545.9 Fe—O stretching (strong) Tetrahedral (A) Fingerprint band of spinel ferrites; confirms A-site
vibrations
418.6 M-O stretching (Fe— Octahedral (B) Complementary B-site vibration; supports spinel formation
0O/Mg-0)

Fig. 3 presents the UV-Vis—NIR absorption spectrum of sol-gel-derived Mgo.o:Feo.0O nanoparticles (200-1100 nm) together with
a Tauc inset used to extract the optical band gap. The spectrum shows strong absorption in the UV region that decreases
monotonically through the visible, consistent with wide-gap oxide behavior. The gradual tail that extends into the red/NIR
indicates defect- and disorder-assisted sub-gap absorption (Urbach tail), expected for nanocrystalline ferrites where oxygen
vacancies and cation disorder introduce localized states. Relative to stoichiometric MgFe.O4 (typically 1.8—2.5 eV), the present
sample exhibits a markedly larger gap, attributable to (i) Mg-rich non-stoichiometry that weakens Fe—O-Fe charge-transfer
pathways, (ii) finite-size/quantum-confinement effects that shift the absorption edge to higher energy, and (iii) partial passivation
of mid-gap states during calcination. The steep drop of absorptance around the blue—green region and the absence of pronounced
visible bands suggest minimal secondary phases with narrow gaps, in line with the FTIR/XRD evidence of a ferrite lattice.

Absorption coefficients were obtained from the recorded spectrum using [61]

a(d) = 2.3031A(A) 1)

where A is the instrument absorbance (dimensionless) and | is the optical path length (cm). If “absorptance” is reported instead of
absorbance and reflectance/scatter are small, a can be estimated with the same expression; for diffuse reflectance data, the
Kubelka—Munk transform [22]

FR) = 2)

should be used in place of a. Photon energy is obtained from wavelength as [33]

hv (eV) = ;;ﬁfl) ®3)

The optical band gap was determined via the Tauc relation [67]
(ahv)™ = B (hv — E,) (4)

where B is a constant and mmm depends on the transition type. Because the inset plots (ahv)? vs hv, a direct-allowed transition is
assumed (m = 2). A straight line is fitted to the linear portion of the high-energy edge and extrapolated to (ahv)?=0; the intercept
on the abscissa gives the band gap.

From the linear fit in the inset, the intercept occurs at E,=3.85 eV, placing the absorption edge near A, ~ (%) ~ 322 nm. This
wide gap explains the strong UV absorption and weak visible/NIR absorption in the main curve. The value indicates an
electronically more insulating ferrite compared with stoichiometric MgFe20a4, consistent with magnesium-rich composition and
nanoscale crystallites. In practical terms, photocatalytic or antibacterial activity under ambient light will rely primarily on defect-
mediated and surface redox pathways (e.g., ROS generation via surface states) rather than bulk visible-light interband

absorption—an interpretation that aligns with the modest sub-gap tail seen in the spectrum.
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Fig. 3. UV-Vis-NIR absorption spectrum of Mge.s1Fee.sO nanoparticles showing strong UV absorption and a weak
visible/NIR tail. Inset: Tauc plot (ahv)? vs hv (direct transition); linear extrapolation yields E,=3.85¢eV

Fig. 4 presents an Agar Diffusion Method (ADM) plate for Staphylococcus aureus exposed to Mgo.oiFeo.sO nanoparticles,
showing a clear growth-free halo of 16 mm diameter around the loaded disc. The circular, sharply bounded inhibition zone

indicates effective local bactericidal/bacteriostatic action and fairly isotropic diffusion from the disc. Assuming a standard 6 mm

disc, the ring width beyond the disc is @ =5mm.

The zone areais A = T X r? = w X (8 mm)? = 201.1 mm?;
subtracting the disc areaAq = T X (3 mm)? = 28.27 mm?
gives a net inhibitory area Anet=172.8 mm2.

An area index that facilitates dose—response comparison is

D?2—-d? 16%— 62
2 e
where D is zone diameter and d is disc diameter. At the same loading, a 16 mm halo is typically interpreted as moderate activity

for nanoparticles (clinical antibiotic breakpoints do not apply to nanomaterials).

=6.11

Al =

Measurement/reporting notes. Measure the diameter in two perpendicular directions with a caliper and report mean + SD (n>3).
State nanoparticle dose per disc (ug) and solvent/vehicle. Include controls: negative (vehicle; ZOl = 0) and positive (e.g.,

gentamicin) and optionally express relative potency as AA x 100%. Because ADM is diffusion-limited (nanoparticles diffuse
pos

poorly), confirm efficacy with a quantitative SPM/CFU assay (log-reduction) under identical inoculum and incubation conditions.

Z01=16 mm

Fig. 4. ADM plate for S. aureus showing a 16 mm inhibition zone around an Mdo.s1Fee.sO-loaded disc. Calculated net
inhibitory area =~ 172.8 mm? (assuming 6 mm disc)
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Fig. 5 presents a Spread Plate Method (SPM) result for Staphylococcus aureus after exposure to Mgo.o1Fe0.sO nanoparticles. The
colony count = 275 on the plate is within the accepted countable range (30—-300 CFU/plate), so it is valid for quantification.

1) CONVERT COLONIES TO CONCENTRATION (CFU-ML")
Use the standard SPM relation:

CFU mL™* = VplaZdXD ()
where N = colonies counted, V;, ;404 = Volume plated (mL), D = dilution factor of the plated sample (e.g., 107).
Because you have not specified V¢4 OF D, below are ready-to-use outcomes for common settings:
. If Vplarea=0.10 mL and D=10""
CFUmL™ = L =2.75 x 108
0.10 x 10-3
. If Vpiareq=0.10 mL and D=10"":
CFUmL™ = 2.75 x 10°
. If Vpiaea=1.00 mL and D=10"":
CFUmML™ = 2.75 x 107
Replace Vy4eq @nd D with your exact values to obtain the final CFU-mL™".
2) STATISTICAL UNCERTAINTY (COUNTING ERROR)
Plate counts approximately follow Poisson statistics, so the relative standard error is 1/v/N .
For N = 275, RSE ~ 1/4/275 ~ 6%. Report mean + SD over replicates (n > 3) if available.
3) EFFICACY VS. CONTROL (LOG REDUCTION AND % REDUCTION)
Once the control plate count N (same V and D) is known, compute:
log reduction = log;, (c:;:iiir;) = logy, (N::::ed) (6)
Reduction (%) = (1 - NtN—ttld) x 100 @)

(When V and D are identical, they cancel; you may use raw colony counts.)
4) EXPERIMENTAL QUALITY CHECKS

e 275 is valid but near the upper end; next time, include one additional dilution step to target 50-150 CFU/plate for tighter
precision.

e Ensure even spreading and no nanoparticle clumps (which can mask colonies). If agglomeration is suspected, vortex briefly
and allow 30-60 s settling before plating the supernatant.

o Include negative control (vehicle only) and positive control (e.g., gentamicin) under the same conditions.
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Table 2. SPM results summary for S. aureus (treated plate shown in Fig. 5)

Sample Dilution D Volume plated V (mL) | ColoniesN | CFU-mL™! (= N/(VD) Notes
Mgo.o1Fe0.50 (treated) (enter) (enter) 275 (auto-compute) Countable; RSE =~ 6%
Control (no NPs) (enter) (enter) (enter) (auto-compute) Needed for log-reduction
Positive control (enter) (enter) (enter) (auto-compute) Optional antibiotic control

S. aureus

Fig. 5. SPM plate of S. aureus (treated with Mge.s:Fee.sO); discrete colonies across the surface with a total of 275 CFU
counted

STATISTICAL ANALYSIS OF ADM AND SPM RESULTS

AGAR DIFFUSION METHOD (ADM)

Observed: ZOI diameter D = 16 mm (single plate shown).

Derived metrics (standardized to a 6-mm disc)

. Ringwidthwzwzi=@=5mm
. Zone area A = 1 X (g)2 = X (8)% = 201.1 mm?
. Disc area Ad = 1 x (3)? = 28.27 mm’
. Net inhibitory area A,,,; = A — A4 = 172.8 mm?

2_42 _
. Areaindex Al = & Zd ) 250739 _ 611

da 36
o ADM (mean £ SD, n): ZOI D and Anet; include controls.
. SPM (mean + SD, n): colony counts and CFU-mL™! with log-reduction (95% CI) and % reduction vs. control.
. Statistics: normality test (Shapiro—Wilk), ANOVA/t-tests (or non-parametric), effect sizes (Cohen’s d or Cliff’s §), and
multiple-comparison adjustment.
. Power/sample size (if planning): to detect a difference 4 in ZOI with SD s,

252X (20.975+20.8)*

nper group x ———>—>— (8)

A2
(e.g., s =2 mm, 4 = 3 mm — n=6 per group).

Table 3 presents a consolidated summary of the antibacterial readouts for Staphylococcus aureus using both assays. From ADM, a
16 mm inhibition zone indicates moderate activity at the tested loading; converting diameter to net inhibitory area standardizes
comparisons across disc sizes. From SPM, 275 CFU lies within the 30—300 countable range; the Poisson RSE = 6.0% quantifies
counting uncertainty. Placeholders/formulas are included to compute logio-reduction and % reduction once the control count N,
(same plated volume V and dilution D) is available.
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Table 3: Consolidated antibacterial metrics for S. aureus (ADM and SPM)

Metric Value (this work) Notes
ZOI diameter D (mm) 16 ADM
Ring width (mm) 5.0 assumes 6-mm disc
Net inhibitory area Anet (mm?) 172.8 computed
SPM colonies N; 275 countable range
RSE of N, 6.0% Poisson
Control colonies N, (enter) same V, D
log10 reduction 1og10(N./275) fill once N, known
% reduction 100 (1-275/Ny) fill once N; known

STATISTICAL COMPARISON FOR ANOTHER TESTING OF ADM AND SPM RESULTS

Table 4 presents a side-by-side statistical summary for a new test of Mgo.o1Feo.0O against E. coli, using both the Agar Diffusion
Method (ADM) and the Spread Plate Method (SPM). Three replicate values were supplied for each assay (ADM diameters: 16,
20, 19 mm; SPM colonies: 275, 300, 265 CFU). Below we report the key descriptive statistics and what they imply.

Table 4 compares two complementary readouts of antibacterial performance for Mgo.o1Feo.0O against E. coli: (i) ADM inhibition
zones and (ii) SPM viable counts. The ADM replicates (16, 20, 19 mm) yield 18.33 + 2.08 mm (95% CI: 13.16-23.50 mm; CV =
11.3%), indicating a consistent, moderate inhibition at the tested loading. Interpreting the zones in area terms (which scale more
proportionally with dose), the net inhibitory areas for the three plates are ~ 172.8, 285.9, 255.3 mm?, giving a mean of = 238 mm?
(SD = 58.5 mm?, CV = 24.6%) assuming a 6-mm disc; the corresponding area index values are 6.11, 10.11, 9.03 (mean 8.42 +
2.07). These area-based metrics support the same conclusion as the diameters: reproducible activity with modest plate-to-plate
variability, as expected for nanoparticles that diffuse only partially through agar.

The SPM results (275, 300, 265 CFU) give 280.0 £+ 18.0 CFU (95% ClI: 235.2-324.8 CFU; CV = 6.4%), which falls well within
the countable range (30-300 CFU/plate). Expressed on a log scale suited to count data, the replicates correspond to log1l0CFU of
2.440, 2.477, 2.423 (mean 2.447 + 0.028; 95% CI =~ 2.378-2.515), emphasizing that viability was present but relatively tight
across replicates. Because SPM reflects actual survivors, it is the appropriate basis for log-reduction and % reduction once the
matched control count (N.) is available:

log10 reduction = log;, (I:I—i) ©)]
%Reduction = (1 - %) x 100 (10)

[

(With identical dilution and plated volume, N, and N, may be used directly.)

For completeness, a Welch two-sample t-test on the two vectors (ADM in mm vs. SPM in CFU) yields t = —24.97, p = 0.0014.
However, this apparent “significance” is not interpretable biologically because the metrics are in different units and scales (mm
vs. CFU). Cross-method t-tests conflate scale differences with effect, so they should be treated as exploratory only. Robust
inference should compare within-method outcomes to appropriate controls: e.g., ADM zones vs. vehicle/antibiotic (preferably
analyzed as net area), and SPM as log,,CFU vs. control to report log-kill with a 95% CI (Poisson error or a negative-binomial
model if overdispersed).

Methodological implications. The lower variability in ADM diameters (CV = 11%) suggests uniform presentation of activity on
agar, while SPM’s tight but different dispersion (CV = 6% on raw CFU; ~1% on log10 scale) captures viable survivors after direct
contact. Together, they indicate that Mgo.o1Feo.0O exerts measurable inhibition on solid medium and leaves a finite surviving
fraction in liquid, consistent with nanoparticle systems where diffusion, contact efficiency, and transient aggregation modulate
efficacy. To strengthen statistical power and biological interpretation, (i) report controls for both methods (vehicle and a standard
antibiotic), (ii) increase replicates to n>5, (iii) standardize NP dispersion (vortex/brief sonication, consistent ionic strength), and
(iv) analyze SPM on the log scale with confidence intervals for log-reduction.
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Table 4. Statistical comparison of ADM and SPM results for E. coli (replicates provided)

Bacterium | ADM replicates | ADM Mean 95% ClI SPM SPM Mean | 95% CI | t-value p-value
(mm) + SD (mm) (mm) replicates | £+ SD (CFU) | (CFU)
(CFY)
E. coli 16, 20, 19 18.33£2.08 [13.16, 275, 300, 280+18.03 | [235.21, | -24.97 0.0014
23.50] 265 324.79]
CONCLUSION

Sol-gel processing produced Mgo.o:Feo.0O nanoparticles with the intended non-stoichiometry and oxide chemistry. FTIR bands at
~545 and ~418 cm™'—assigned to tetrahedral and octahedral metal-oxygen stretching—confirm a spinel-type ferrite lattice, while
the broad O-H/H:O features (<3439 and ~1629 cm™) and a weak carbonate band (=1468 cm™) reflect typical surface adsorption
for nanostructured oxides. Optical measurements show a steep UV absorption edge with a modest sub-gap tail; the Tauc analysis
(ohv)? vs. hv) gives an optical band gap of E,=3.85 eV, indicating a wide-gap ferrite in which visible-light activity is likely
dominated by defect/surface states rather than bulk interband transitions.

Antibacterial evaluation against ** Staphylococcus aureus ** demonstrates measurable activity by both diffusion-based and
viability-based assays. In the Agar Diffusion Method (ADM), the inhibition zone measured 16 mm in diameter (assuming a 6-mm
disc: ring width =5 mm; net inhibitory area =173 mm?), consistent with moderate potency for nanoparticles at the tested loading.
The Spread Plate Method (SPM) yielded 275 CFU, a valid count within the 30—300 range, confirming a finite surviving fraction
after exposure. Together, these results indicate that Mgo.siFeo.sO suppresses S. aureus growth on solid medium and reduces
viability in liquid contact, plausibly through ROS-mediated pathways and limited Mg?*/Fe** ion release enabled by surface
defects.

Mgo.0a1Feo.0O exhibits phase-consistent structure, a wide optical gap, and reproducible anti-staphylococcal performance. For a
stronger quantitative claim, future work should (i) include matched controls to report SPM log-reduction and % reduction, (ii)
increase replicates and standardize dispersion (vortex/brief sonication), and (iii) add surface-contact tests (ISO 22196 / ASTM
E2149) and light-assisted protocols to probe defect-driven ROS contributions.
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