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‘I
This study investigated the structural, magnetic and antibacterial properties of magnesium-zinc ferrite (Mg-Zn ferrite) nanoparticles, |
which were synthesized through hydrothermal method. The analysis revealed that the lattice parameters and crystallite sizes diminished |
as zinc content increased, showing a reduction from 36.6 nm for MgFe,O. to 22.17 nm for ZnFe,FeO,, as determined through X-ray
diffraction (XRD). An increased level of Zn substitution led to greater lattice strain and enhanced cation exchange, as evidenced by |
Raman spectrum. Magnetic studies revealed that the ideal cation configuration was Mgy sZn, sFe,O,, with a peak saturation magnetization |
of 28.53 emu/g. The antibacterial results showed that the zinc-rich samples were efficient against both Candida albicans and Gram-positive |
bacteria, specifically Staphylococcus aureus. This phenomenon was linked to an increase in reactive oxygen species (ROS) production |
and the liberation of Zn* ions into the adjacent environment. |
|
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INTRODUCTION

Ferrite nanoparticles, particularly those with a spinel stru-
cture (MFe,Oy), have become an increasingly prevalent topic
due to their unique magnetic properties and extensive industrial
applications [1]. Ferrimagnetism is a property of these materials
that occurs when a net magnetic moment is produced by atoms
on separate sublattices, which are opposite to one another. Their
exceptional quality renders them useful in a wide range of fields,
including as environmental cleanup, biological imaging and
magnetic storage systems [2].

Metal cations fill the interstitial tetrahedral (A) and octa-
hedral (B) spaces in the spinel ferrite structure, which is a cubic
lattice of oxygen ions face-centered. The electrical and magnetic
characteristics of the material are strongly affected by the dispo-
sition of these cations relative to the A and B sites. As an example,
in typical spinel’s, the tetrahedral sites are occupied by divalent
cations and the octahedral sites by trivalent cations. Inverse

spinel’s, on the other hand, only octahedral sites contain divalent
cations, whereas tetrahedral sites have trivalent cations. The total
magnetic behaviour of the ferrite nanoparticles is strongly affe-
cted by this cation distribution [3,4].

Nanoscale particles have a high surface-to-volume ratio,
making them more chemically reactive and distinct magnetic
properties than bulk particles. This size-dependent behaviour is
critical for nanoparticle-biosystem interactions in targeted medi-
cation delivery and MRI [5]. In addition, ferrite nanoparticles
may be fine-tuned in size, shape and composition to suit specific
applications. The extensive usage of spinel ferrite nanoparticles
in cutting-edge technological applications is based on their
unique magnetic and structural characteristics. To maximize
their performance in different domains, one must comprehend
the relation between their crystal structure, distribution of cations
and consequent magnetic behaviour [6]. The structural and
functional features of spinel ferrites are greatly affected by
their synthesis technique, which is responsible for their tunable
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qualities [7]. The capacity to create nanoparticles with uniform
morphology, good crystallinity and fine size control at very
low temperatures makes the hydrothermal approach stand out
among alternative synthesis processes [8]. This technique
ensures phase homogeneity and purity through the utilization
of water-based metal salt solutions in a regulated environment
of temperature and pressure.

Magnesium-zinc ferrites (Mg,Zn,—Fe,O,) have garnered
considerable interest among the several types of spinel ferrites
due to their adjustable magnetic characteristics, The saturation
magnetization, coercivity and other parameters can be tuned
by adjusting the magnesium-to-zinc ratio. Mg-Zn ferrites are
used in electromagnetic interference suppression and high-
frequency transformer cores because to their tunability. They
are appropriate for these tasks due to their high electrical resis-
tance and low eddy current losses [9]. Nanoparticles made of
spinel ferrite have also gained interest due to their antibacterial
capabilities in recent years. Due to their ability to generate
reactive oxygen species (ROS), which, in some environments,
can degrade bacterial cell walls, they show promise as anti-
microbials. Considerations including composition, size and
surface functionalization determine the efficacy of these nano-
particles. With antibiotic resistance on the rise, it is more impor-
tant than ever to study these characteristics in order to develop
new antibacterial medicines [10,11].

In this work, hydrothermal technique approach was used
to synthesize Mg-Zn ferrite nanoparticles and then character-
ized for their structural and magnetical properties. Further-
more, in order to investigate their possible biological uses, the
antibacterial effectiveness of these nanoparticles tested against
common bacterial strains.

EXPERIMENTAL

In this work, ferric nitrate nonahydrate (Fe(NO;);-9H,0),
supplied by Research-Lab Fine Chem Industries, India. Zinc
acetate dihydrate (Zn(CH;COO),-2H,0), magnesium chloride
hexahydrate (MgCl,-6H,O) and citric acid monohydrate were
supplied by SDFCL Chemicals, India. Ethanol was supplied
by CHFC Co., China and distilled water was used throughout
the experiments.

Synthesis of spinel ferrites nanoparticles: The spinel
ferrites were synthesized by a hydrothermal technique emp-
loying stoichiometric quantities of precursor materials. Precisely,
Zn(CH;COO),-2H,0 (0.02 mol) and Fe(NO;);-9H,0 (0.04 mol)
were solubilized in a aqueous citric acid monohydrate (16.26 g)
solution. For other ferrites, the iron precursor was maintained
at 0.04 mol while the ratios of zinc and magnesium precursors
were varied. The total solution volume was adjusted to 60 mL
with distilled water. The solution was thoroughly agitated and
thereafter put into Teflon-lined stainless-steel autoclaves. The
autoclaves underwent a hydrothermal reaction at 150 °C for
16 h under continuous heating conditions. Upon completion
of the reaction, the autoclave was cool down to ambient temp-
erature. The resultant precipitate was washed multiple times
with water and subsequently with ethanol to eliminate any
remaining ions. The cleaned product was centrifuged and dried

at 120 °C for 1 h. The dry powder was subjected to annealed
at 600 °C for 4 h to enhance crystallinity.

Characterization: The powder XRD patterns were reco-
rded using a Bruker D8 Advance diffractometer operating at
40 kV and 40 mA with CuKo, radiation (A = 1.5406 A). Data
were collected over a 26 range of 10-80°. Zeta potential mea-
surements were performed using a nanoplus zeta/nanoparticle
analyzer (Particulate Systems). Samples were dispersed in
distilled water and analyzed at 27 °C, with each measurement
averaged over 3 runs to ensure accuracy. Morphological and
elemental analyses were conducted using an FEI Quanta FEG
250 FESEM equipped with an Ametek EDX detector. The mag-
netic properties were characterized using a Quantum Design
Physical Property Measurement System (PPMS Evercool-1I),
which operates as a cryogen-free platform utilizing a GM
Cryocooler. The system provides precise measurements across
a wide temperature range of 3-370 K and under magnetic fields
up to 9 Tesla. Magnetization measurements were performed
using the vibrating sample magnetometer (VSM) option.

Antibacterial activity: The antimicrobial activity was eva-
luated using culture of Gram-positive bacteria (Staphylococcus
aureus) and fungal culture (Candida albicans), with standard
antibiotics streptomycin (5 ptg/mL) and fluconazole (5 pg/mL)
as control [12]. Nutrient agar media, potato dextrose agar media
and yeast extract peptone media were used for bacterial and
fungal growth, along with sterile petri plates and a bacterial
incubator. Active bacterial cultures were prepared by transfe-
rring a single bacterial colony from a pure culture into a 150
mL conical flask containing 50 mL of nutrient broth media,
followed by incubation at 37 °C for 8-12 h. For sample prepara-
tion, compounds were dissolved in appropriate solvents such
as water, methanol or DMSO to prepare aliquots of varying
concentrations for minimum inhibitory concentration (MIC)
assays, while liquid samples were directly diluted as required.
The antibacterial assay was performed using the pour plate
method, where 1% of bacterial cultures were mixed with auto-
claved agar media at near-solidifying temperature, poured into
plates and allowed to solidify. Wells were then made using a
sterile well borer and 100 uL of each sample was loaded into
the wells. Plates were incubated at 37 °C for 18-24 h in a bacterial
incubator and the zone of inhibition around the wells was obse-
rved and recorded to evaluate the antibacterial activity.

RESULTS AND DISCUSSION

XRD studies: There were substantial insights into the cry-
stallographic characteristics of Mg-Zn ferrite samples analyzed
structurally, regardless of their composition. The cubic spinel
structure was validated by X-ray diffraction (XRD) patterns for
all samples. The significant (311) peak showed consistent
changes in 20 values (Fig. 1) [13,14]. The 26 values shifted
slightly towards higher angles as the Zn concentration increased,
suggesting that the lattice contracted because the ionic radius
of Zn” was bigger than that of Mg**. Zn>* ions redistribute them-
selves throughout the lattice and preferentially occupy tetrah-
edral (A) sites, according to Vegard’s rule, which explains this
behaviour [15,16]. From 36.6 nm for MgFe,O, to 22.17 nm
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Fig. 1. X-ray diffraction (XRD) patterns of Mg-Zn ferrite nanoparticles with varying compositions: MgFe,0., Zng,sMgo75Fe,0.,
ZnysMgosFe,0s, Zny75Mgo2sFe,04 and ZnFe,O.. The left panel shows the full XRD profiles, confirming the cubic spinel structure
with prominent peaks indexed to (311), (400) and (440) planes. The right panel zooms into the (311) diffraction peak in the 26 range
of 34°-37°, highlighting systematic shifts toward higher angles with increasing Zn content, indicating lattice contraction due to Zn
substitution

for ZnFe,0,, the crystallite size decreased as the Zn content spectrum, which matched to the spinel structure [17]. The sym-

increased, indicating an increase in lattice strain and disorder. metric stretching vibrations of oxygen ions with metal cations
Consistent with other investigations, this trend in crystallite in the tetrahedral sites are responsible for the prominent peaks
size highlights the synthesis process’s repeatability. at 680 cm™, whereas the asymmetric vibrations in the octahe-

A tendency towards lower values for the lattice parameter ~ dral sites give rise to the peaks near 480 cm™. It is significant
and unit cell volume was seen as the Zn concentration incre- that as the Zn concentration increased, the Raman modes

ased, providing more evidence of lattice contraction. The larger shifted to higher wavenumbers and exhibited broader peaks,
molecular weight of Zn compared to Mg caused the theoretical signifying greater structural disorder and enhanced cation
density (px) to rise following Zn substitution. As a result of  inversion at the tetrahedral and octahedral sites. These results
cation redistribution’s effect on the crystal structure, hopping are consistent with earlier research that found strain effects and
lengths for both tetrahedral (A) and octahedral (B) sites changed cation redistribution in Mg ferrites doped with Zn [18].

consistently with composition. Due to these structural modifi-
cations, Zn-rich samples may exhibit enhanced stability and
possess specific functional attributes that render them advan-
tageous in domains such as photocatalysis and magnetism.
Table-1 presents a summary of the structural properties obtained
from the XRD analysis. MgFe,0,

TABLE-1 E A. l \ P, P auant M90.252n0.75F9294
XRD DATA OF Mg-Zn FERRITE NANOPARTICLES i
Sample Lattice Crystallite Tl:foreltlcal Unit cell % w
composition parafheter size (nm) ensity M IS
(A) (g/cm’) (AY) -
MgFe,0, 8.3712 36.60 4.5306 586.60 Mg 7520 25F€20,4
Mg, 75Zn,,5Fe,0,  8.4330 27.45 5.3060 599.72
Mg, sZn, sFe,O, 8.4250 25.75 5.1030 598.01 Mﬂ%&.
Mg »5Zn,;5Fe,0,  8.4150 23.84 4.9250 595.88
ZnFe,0, 8.4050 22.17 4.7470 593.76
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Raman spectral studies: The structural features and vibra- »
Wavelength (cm )

tional modes of MgFezo4, Mgo,752no,25FeZO4, Mgo,5Zno,5Fezo4, Fie. 2. R £ Mg-Zn ferri el th .
. . _ 1g. 2. aman spectra (6] g-4n errite nanopartlc es wit varyimng
Mgo25Zny75Fe,O, and ZnFe,O, were studied using Raman spect compositions: MaFesOs, Zno2sMaossFe:0s, ZitosMgo sFex0s,

roscopy and are presented in Fig. 2. Typical active modes seen Zny,sMgo2sFe,0, and ZnFe,0,, showing characteristic vibrational
in ferrites, such as Ay, E, and 3F,,, were confirmed by Raman modes of the spinel structure
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The Zn substitution results in a reduction of particle size
and alters the vibrational dynamics, evidenced by the broaden-
ing of the Raman spectra and the shifting of the peaks. Sharper
and more clearly defined peaks were observed in the Mg-rich
samples, including MgFe,O,, which may be attributed to their
greater crystallinity and more organized lattice structures. The
wider peaks observed in Zn-rich materials, like ZnFe,O., could
be a result of higher lattice strain and more inversion degrees.
Earlier findings that increasing Zn concentration causes local
structural distortions that impact the spinel lattice’s vibrational
characteristics and functional behaviour are supported by this
trend [19].

These results are supported by related Raman studies on
ferrites, which demonstrate that the Raman-active modes are
affected by cation distribution and lattice disorder. The Raman-
active modes and their features are summarized in Table-2,
which provides a thorough comparison of vibrational prop-
erties with regard to cation substitution and structural integrity
across all of the compositions that were investigated. The complex
relationship between vibrational dynamics and cation distrib-
ution in Mg-Zn ferrites is brought to light by these results. The

spectrum characteristics and Raman shifts that have been found
give light on the effects of Zn substitution on the structural
and vibrational properties of these ferrites, which in turn help
to explain their practical uses in areas including biomedical
imaging, magnetism and catalysis [20].

Morphological studies: Fig. 3 shows SEM micrographs
of Mg-Zn ferrite nanoparticles (MgFe,O., Zng,sMgo7sFe>Os,
Zn0_5Mg0_5F6204, ZHO_75Mg()_25F6204 and ZHF6204) eXhlblt nano-
crystalline structures characterized by spherical agglomerates.
In magnesium-rich compositions (e.g. MgFe,0,), the particles
demonstrate more compact and densely packed agglomerates.
This trend is due to magnesium ions’ propensity to enhance
grain development and diminish porosity during synthesis.
With the rise in Zn concentration, the agglomerates exhibit a
more loosely packed arrangement, with the ZnFe,O, sample
demonstrating a more porous and open structure. The change
to a porous structure in Zn-rich samples may result from the
substitution of Mg** with Zn**, which modifies the growth
kinetics and diminishes the particle-particle interactions. The
reduction in compactness corresponds with the diminished
polarizability of Zn* ions, as documented in the literature.

TABLE-2
RAMAN SPECTRAL DATA OF Mg-Zn FERRITE NANOPARTICLES WITH VARYING COMPOSITIONS

Bandwidth (cm™)

Sample composition Peak position (cm™) Interpretation

MgFe,0, 680, 480 Sharp High crystallinity, minimal inversion
Mg, ;sZn,,sFe,0, 682, 482 Slightly broad Moderate inversion and lattice strain
Mg, sZn, sFe,0, 685, 485 Broad Increased structural disorder
Mg, ,sZn,;sFe,0, 687, 487 Broader Higher inversion and significant lattice strain
ZnFe,O, 690, 490 Broadest Maximum inversion and lattice distortion
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Fig. 3. SEM micrographs of Mg-Zn ferrite nanoparticles with compositions MgFe,O., Zno2sMgo7sFe:04, ZnosMgosFe.04, Zno7sMgo2sFe,0s
and ZnFe,0,
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Fig. 4. EDAX analysis of ZnysMgosFe,O, showing elemental peaks for Fe, Zn, Mg and O, confirming the composition and purity of sample

without detectable impurities

The images obtained from the SEM reveal uniform particle
size distributions across all compositions, with differences in
agglomeration linked to variations in cation distribution. Such
agglomerations are characteristic of the spinel ferrites produced
via hydrothermal techniques and aligned with their magnetic
properties, which promote interparticle magnetic interactions.
These results provide substantial insights into the relationship
between composition and morphology in Mg-Zn ferrites, high-
lighting the impact of cation substitution on the structural
characteristics of the nanoparticles. Crystallite size determined
by XRD results agreed well with the average particle size derived
from SEM pictures.

The data show that when the zinc content increases, the
particle size consistently decreases. Particle size for MgFe,O,
is around 50 nm and for ZnFe,O, are about 38 nm. The contin-
uous substitution of magnesium with zinc results in smaller
particles since zinc influences growth and nucleation processes
associated with synthesis. Zinc ions inhibit the aggregation of
particles, facilitating the formation of smaller particles [21].

The EDAX spectrum for ZnysMgo sFe,O4 shows prominent
peaks corresponding to Fe, Zn, Mg and O, confirming the pre-
sence of expected elements in the sample (Fig. 4). No additional
peaks are observed, indicating the high purity of the synthesized
material.

Magnetic studies: The room temperature magnetization
(M-H) tests were used to evaluate the magnetic characteristics
of the synthesized Mg-Zn ferrite samples. Saturation magneti-
zation (M) values showed substantial composition-dependent
variation in sample magnetic behaviour, suggesting a consider-

able dependency on cation distribution inside the spinel lattice
(Table-3). At 28.53 emu/g, MgysZn,sFe,O, had the greatest
Ms, indicating that the magnetic interactions were improved
due to the best arrangement of the cations (Fig. 5). On the other
hand, Mgy sZny,sFe,O4 had the lowest Ms value of 4.07 emu/g.
This might be due to the substitution of Zn for Mg broke the
magnetic order. Following a similar pattern, the remanent
magnetization (M,) was also very high for Mg, sZn, sFe,O., at

30

Magnetization (emu/g)
o
a

MgFe,O,

4 e My 75ZN 25F€20,
e Mg 5Zno sF€,0,
20 1 == M0 25ZNo7sF€20,
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-40000 -20000 0 20000 40000
Magnetic field (Oe)
Fig. 5. Magnetization (M-H) curves of Mg-Zn ferrite nanoparticles with compo-

sitions MgFezO4, Zﬂ().stg<1.75Fezo4, ZD().SMg<1.5FBZO4, Zﬂo.75Mg<1.25FBZO4
and ZnFe,04 measured at room temperature, showing composition-
dependent magnetic behaviour

TABLE-3
MAGNETIC PROPERTIES OF Mg-Zn FERRITE NANOPARTICLES WITH VARYING COMPOSITIONS

Magnetization (M, Remanent magnetization .. Squareness ratio
Samples Sample code 2 (emu/g) M) M) (e n% w/e) Coercivity (H,) (Oe) q (M/M.)
MgFe,0, S1 12.54 2.79 111.15 0.22
Mg, ;5Zn,,5Fe,0, S2 4.07 0.09 183.49 0.02
Mg, sZn,sFe,0, S3 28.53 2.14 49.88 0.07
Mg, 15Zn,55Fe,0, S4 10.33 0.61 48.71 0.06
ZnFe,0, S5 6.18 0.05 67.46 0.01
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2.14 emu/g, further demonstrating its exceptional magnetic
properties (Table-3).

From MgFe,0, to ZnFe,O,, the coercivity (H.) values
decreased as the Zn substitution increased. Due to enhanced
anisotropy contributions from Mg-rich locations, Mg 75Zn¢ s
Fe,O4(183.49 Oe) exhibited the maximum coercivity, whereas
Mgo25Zng75Fe,04 (48.71 Oe) exhibited the lowest. The magnetic
anisotropy is reduced with increasing Zn concentrations, which
is in line with the soft magnetic properties of ferrites that are
rich in Zn [22]. Among the samples tested, MgFe,O,4 had the
greatest squareness ratio (M,/M), indicating that a consider-
able portion of the sample’s magnetization was preserved even
after the applied field was removed.

The magnetic behaviour and blocking temperature (TB)
of the synthesized spinel ferrite samples gave better understand
by examining the zero field cooled (ZFC) and field cooled (FC)
magnetization curves (Fig. 6). Once the samples were brought
to low temperatures without a magnetic field, we heated them
with one and employed it to generate the ZFC curves. On the
other hand, FC curves were determined by subjecting samples
to a cooling process while a field was applied. At the blocking
temperature, a distinctive peak appears in the ZFC curves of
all samples, signifying the passage from the blocked to the super-
paramagnetic state. In contrast, the FC curves demonstrated
that aligned spins induced by the applied field continue to expand
or attain saturation at lower temperatures and lacked a distinct
peak.

A relatively high blocking temperature, a clean separation
of the FC and ZFC curves and a progressive fall in the ZFC
curve are all characteristics of the MgFe,O, sample. Anisotropy
energy and modest interparticle interactions are suggested by

this behaviour. Lower blocking temperatures and larger peaks
are seen in the ZFC curves of the mixed Mg-Zn ferrites. Since
the replacement of Zn reduces the magneto-crystalline aniso-
tropy, this indicates that the energy of magnetic anisotropy has
decreased. Among the samples in the series, sample Mg sZng s
Fe,O,4 shows the highest saturation magnetization, in agreement
with the M-H findings. The large ZFC peak suggests a variety
of particle sizes and anisotropy energies, whereas the abrupt
rise in the FC curve at low temperatures implies significant
spin alignment. There is little distinction between the ZFC and
FC curves and the lowest blocking temperature for the Zn-rich
sample ZnFe,0,. Because of the low spin alignment and non-
interacting particles, this indicates weak anisotropy energy and
superparamagnetic behaviour. The magnetic characteristics,
such as magnetization values and anisotropy constants, obtained
from the M-H loops agreed with the patterns shown in the ZFC
and FC data. As these studies illustrate, magnetic characteristics
are significantly influenced by particle size, composition, and
inter-particle interactions. The presence of Zn diminishes aniso-
tropy energy, while Mg substitution preserves ferrimagnetic
characteristics, leading to a balanced behaviour of the material
between two extremes.

Antimicrobial activity: The synthesized ferrite samples
Viz. MgF3204, Mgo.7SZHO.25F3204, Mg<).SZHO.5F3204, Mg<).2SZHO.75
Fe,O, and ZnFe,O, were tested against Gram-positive bacteria
(Staphylococcus aureus) and fungi (Candida albicans) to deter-
mine their antibacterial and antifungal properties. At a concen-
tration of 100 uL, the antibacterial activity of Mg 2sZng75Fe,O;
and ZnFe,O, against Staphylococcus aureus was the highest,
with a zone of inhibition (ZOI) of 3 mm (Table-4). This is notably
lower than the ZOI of 14 mm displayed by the standard anti-

12.0 ] 204 35
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Fig. 6. Field-cooled (FC) and zero-field-cooled (ZFC) magnetization curves for Mg-Zn ferrite nanoparticles (MgFe,O4, Zng2sMgo7sFe204,
ZnosMgosFe, 04, Zng7sMgo.sFe,O, and ZnFe,0,), showing temperature-dependent magnetic behaviour
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TABLE-4
ANTIMICROBIAL ACTIVITY DATA OF Mg-Zn FERRITE
NANOPARTICLES SHOWING INHIBITION ZONE DIAMETERS
(mm) COMPARED TO STANDARD CONTROLS

Sample
MgFe,0,
Mg 75Zny255€,04
Mg 5Zn, sFe,0,
Mg 25Zny 755,04
ZnFe,0,
Standard 14

Staphylococcus aureus  Candida albicans

[OSTRUSIN NS I NS |
N W

o N = |

biotic. In comparison to the typical antifungal drug, which
demonstrated a zone of inhibition (ZOI) of 8 mm, MgFe,O,
exhibited antifungal activity against Candida albicans, achieving
aZOI of 3 mm at a concentration of 25 UL as shown in Table-
5. Depending on the microbiological strain and concentration,
other samples, including Mg 75Zno»sFe;O0, and Mg sZn, sFe;Os,
displayed modest antibacterial and antifungal activities, with
ZOIs ranging from 1 to 2 mm (Table-6).

A tendency towards enhanced antibacterial action, espec-
ially against Gram-positive bacteria, was observed in the com-
parative study as the zinc level in the ferrite lattice increased.
The effect of Zn** ionic radius and electrochemical character-
istics on the surface interface between nanoparticles and bacterial
cells is responsible for this improvement. In Mgy ,sZn,75Fe,O;4
and ZnFe,0, for example, zinc replaces magnesium. This results
in smaller particles and more release of Zn** ions, which can
damage microbial cell membranes and alter internal enzyme
pathways. The inclusion of magnesium in MgFe,O, causes
oxidative stress by producing reactive oxygen species (ROS),
which explains its antifungal effect. The results are supported
by the MIC data, which demonstrate that at concentrations of
25 pL, MgFe,0, and Mg 75Zng2sFe,0, efficiently eliminate
Candida albicans. On the other hand, greater concentrations
were required for MgosZngsFe,04, Mgo25Zng75Fe,04 and
ZnFe,0; to achieve the same results.

The antibacterial activity of these ferrites is likely due to a
complex process involving many routes. To begin, the microbial
cell membranes are disrupted when the positively charged ferrite
nanoparticles come into contact with their negatively charged
counterparts. Additionally, the release of metal ions like Zn**
and Mg?* disrupts the metabolic activities of microbes. Thirdly,
the oxidative damage to DNA, proteins and lipids in microbes
is caused by the ROS generated by the nanoparticles. Previous
studies [23,24] indicate that Mg-Zn ferrites exhibit greater
activity compared to pure Mg or Zn ferrites, and this synergistic
effect of ion release and reactive oxygen species production
aligns with these findings. The results indicated that ZnFe,O,
and Mgo,sZno15Fe,O, are the most promising Mg-Zn ferrite
nanoparticles for the development of new antibacterial agents
that can target bacteria and viruses that are resistant to drugs.

Zeta potential: Samples zeta potential data is shown in
Table-7. An examination of the relationship between zeta
potential and antibacterial activity reveals the close relationship
between surface charge characteristics and biological effect-
iveness. The influence of surface charges on the interactions
between Mg-Zn ferrite nanoparticles and microbial membranes
can be inferred from their zeta potential values. In terms of anti-
bacterial activity against Staphylococcus aureus and Candida
albicans species, samples with larger negative zeta potentials,
SllCh Mg<)_5ZnU_5FeZO4 (-990 mV) and Mg()_25zn()_75F6204 (-735
mV), are preferred. The negative charge on the surface enhances
its electrostatic attraction to positively charged microbial mem-
branes, leading to membrane disruption and increased effective-
ness in inhibiting bacteria [23,24].

Mgo.25Zny75Fe,04 and ZnFe,O4, which have intermediate
zeta potentials of -7.35 mV and -2.17 mV, respectively, show
better antibacterial activity against fungi and Gram-positive
bacteria. This finding provides more evidence that their anti-
bacterial action is due to mechanisms other than surface charge,
such as the release of ions (Zn** and Mg**) and the formation
of reactive oxygen species (ROS). As an example, the increased

TABLE-5
MINIMUM INHIBITORY CONCENTRATION (MIC) DATA (mm) OF Mg-Zn
FERRITE NANOPARTICLES AT DIFFERENT CONCENTRATIONS

Minimum inhibitory concentration (mm)

Sample ID MIC of sample (uL)
25 L 50 pL 75 uL 100 pL
MgFe,0, - - - - -
Mgy 75Zn,25Fe,0,4 - - 2 4 75
Mg, sZn, sFe,O, - - 1 3 100
Mg25Zng755€,0, - - - 3 100
ZnFe,0, - - - - -
TABLE-6
MINIMUM INHIBITORY CONCENTRATION (MIC) DATA (mm) OF Mg-Zn
FERRITE NANOPARTICLES AT DIFFERENT CONCENTRATIONS
Sample ID Minimum inhibitory concentration (mm) MIC of sample (uL)
25 L 50 pL 75 uL 100 pL
MgFe,0, 3 5 7 9 25
Mg, ;5Zn,,sFe,0, 2 3 4 5 25
MgsZn, sFe,0, - - - - -
Mg25Zng755€,0, - 2 3 50
ZnFe,0, - 2 4 5 50
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TABLE-7
ZETA POTENTIAL, MOBILITY AND ELECTRIC FIELD
(E. Field) VALUES OF Mg-Zn FERRITE NANOPARTICLES

Sample Zeta potential Motgility E. Field

(mV) (cm/Vs) (V/em)

MgFe,0, -3.10 -2.417% 107 -16.20
Mg, 7521 ,5Fe,0, -4.07 -3.174x 107 -16.24
Mg, sZn, sFe,0, -9.90 -7.717 % 107 -16.19
Mg, ,sZn,;sFe,0, -1.35 -5.735% 107 -16.26
ZnFe,0, -2.17 -1.691 x 107 -16.29

surface contact and Zn content of Mgy »5Zny;5Fe,O, are consis-
tent with its minimum inhibitory concentration (MIC) of 100
UL for Staphylococcus aureus and Candida albicans.

The antibacterial capabilities of spinel ferrite nanoparticles
have been associated with their capacity to produce reactive
oxygen species (ROS) and release metal ions, which is in line
with our results. Their adhesion to microbial membranes is
further modulated by the zeta potential, which facilitates their
mode of action. The findings highlighted the significance of
enhancing surface and structural features for use in biomedi-
cine, especially in the fight against drug-resistant microbes.

Conclusion

The outstanding structural, magnetic and antibacterial
capabilities of the synthesized Mg-Zn ferrite nanoparticles
were driven by their adjustable composition and surface charge.
Spinel ferrites were successfully formed with lattice character-
istics affected by Zn substitution, resulting in a decrease in a
crystallite size from 36.6 nm (MgFe,O,) to 22.17 nm (ZnFe,0,),
as validated by XRD and Raman spectroscopic studies. The
magnetic properties of Mg-Zn compositions showed that there
was a wide range of saturation magnetization (12.54 to 28.53
emu/g), coercivity (111.15 to 49.88 Oe) and anisotropy constant
(2.506 x 10° to 0.382 x 10° J/m?), which might be used for
energy storage. Due to increased ion release and ROS form-
ation, Zn-rich samples, including ZnFe,O., showed better anti-
bacterial activity, with inhibition zones of up to 3 mm against
Gram-positive bacteria. The significance of surface charge in
microbial contacts was brought to light by zeta potential data,
which demonstrated that Mg, sZno sFe>O4 (-9.90 mV) exhibited
improved electrostatic interactions. Thus, these results high-
lighted the multipurpose nature of Mg-Zn ferrites, which bodes
well for their potential use in energy storage, magnetic devices
and antibacterial therapies.
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