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Abstract

The rising resistance of bacteria to traditional antibiotics has prompted the investigation of alternative antibacterial
agents, including nanoparticles. Among these, silver-modified magnetite nanoparticles have attracted significant
attention due to their unique properties and potential biomedical applications. In this study, silver (Ag) modified
magnetite was synthesized to determine its antibacterial activity. Ag-modified magnetite nanoparticles with variation (x
=0, 0.02, 0.03 and 0.04) has been succesfully synthesied using the sol-gel method. X-ray diffractometer (XRD) results
show that all peaks correspond to ICDD no 01-1111 owing face center cubic (fcc) with space groups Fd-3m.
Calculation of crystallite size D using Schere’s equation at the strongest peak shows an increase in the D with
increasing x concentration from 23.22 to 35.28 nm. FTIR analysis indicates absorption peaks at 465 and 570 cm ™! which
is typical original of magnetite absortion. Vibrating sample magnetometer, VSM result show that the magnetic
saturation decrease with the increase of the x, i.e. 14.12 emu/g for x = 0 to 8.17 emu/g for x = 0.04. Finally, Ag-
substituted magnetite nanoparticles show potential as antibacterial agents against Eschericia coli and Staphylococcus
aureus, evidenced by the appearance of inhibition zones.
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Introduction

Nanotechnology has revolutionized various
scientific fields by enabling the manipulation of
materials at the nanoscale. Among these materials,
nanoparticles have drawn significant attention due to
their unique and enhanced properties compared to their
bulk counterparts. Nanoparticles (NPs) are typically
defined as solid particles with a size range of 10 -
1,000 nm, although the European Commission defines
them as particles where at least half are equal to or
smaller than 100 nm [1]. These particles exhibit
distinctive electrical, optical, magnetic, biological and
chemical properties, making them useful for a wide
array of applications, including catalysis, energy
storage, energy conversion and  biomedical
technologies [2-5].

In recent years, magnetite nanoparticles (Fe3;Os4)
have gained  prominence due to their

superparamagnetic properties, biocompatibility and

stability, making them ideal candidates for various
applications such as drug delivery, magnetic resonance
imaging (MRI) and hyperthermia treatments [6-9]. The
ability to modify these nanoparticles further enhances
their potential. One of the most promising
modifications is doping or substituting magnetite with
other elements to improve its functionality. Silver
(Ag), for instance, has long been known for its
excellent antibacterial properties [10-13]. This makes
the addition of silver to magnetite nanoparticles
potentially capable of producing materials that possess
both magnetic properties and strong antibacterial
activity [2].

The synthesis of magnetite substituted with silver
nanoparticles (Ag/Fe;O4) aims to combine the
advantageous properties of both materials. Ag
nanoparticles are widely recognized for their broad-

spectrum antibacterial effects, which have been
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extensively studied in medical implants, wound
dressings and coatings for medical devices [1,14]. The
mechanism of silver’s antibacterial action is primarily
attributed to the release of Ag* ions, which can interact
with bacterial cell membranes and DNA, causing cell
death [6,15-17].
superparamagnetic behavior can be leveraged in

Meanwhile, magnetite’s
targeted drug delivery and diagnostic applications,
further enhancing the biomedical applications of the
composite material [2].

One of the challenges in developing such
composite materials is optimizing the synthesis process
to achieve a homogenous distribution of silver within
the magnetite matrix while maintaining the structural
integrity of the magnetite nanoparticles. Various
synthesis methods, including co-precipitation, sol-gel
and hydrothermal techniques, have been explored to
fabricate magnetite-silver composites. Since the sol-gel
technique may be utilized for regulated size, shape and
concentration of silver, it is crucial to choose it in
conjunction with the green synthesis pathway [18-20].
Furthermore, the concentration of silver doping plays a
crucial role in determining the material’s overall
properties, including its antibacterial efficacy and
magnetic behavior. As studies have indicated, even
small changes in silver concentration can significantly
alter the characteristics of the material [2].

The aim of this research is to synthesize silver-
substituted magnetite nanoparticles using green
synthesis at varying concentrations and to investigate
their structural, magnetic and antibacterial properties.
The study focuses on providing a comprehensive
understanding of how silver doping affects the
magnetite matrix and exploring the potential of these
composites as antibacterial agents. The findings from
this research could contribute to the development of
advanced materials with dual functionalities - magnetic
and antibacterial - which have promising applications

in medicine and biotechnology.

Experiment
The process begins with preparing the necessary

equipment and materials. All tools and equipment are

sterilized to ensure a contamination-free environment.
After that, the required materials, including
Fe(NO3)3-9H,0 (Merck) and Ag(NO3)-6H,O (Merck),
are carefully weighed for accuracy [Fe(NO;3)s:-9H,O:
Ag(NO3)-6H,O =2 — x: x; x =0, 2, 3, and 4 %].
Separate solutions of Fe(NOs);-9H,O (Merck) and
Ag(NO3)-6H,O (Merck) are prepared using deionized
water as the solvent. The Fe(NO;);-9H,O (Merck)
solution is then stirred for 5 min to ensure
homogeneity. The Ag (NO3)-6H,O (Merck) solution is
gradually added to the Fe(NO3)3*9H,O (Merck)
solution. The mixture is stirred continuously for
another 5 min to ensure proper incorporation of the 2
components. Lemon water (150 mL) is then added to
the solution as a reducing agent, and the mixture is
heated to 300 °C. It is crucial to maintain the
temperature below 90 °C to avoid exceeding the
threshold that might negatively impact the solution’s
properties. After heating, the solution starts to form a
gel-like structure. This gel is stirred manually for 10
min, after which it is left to cool down to room
temperature. The cooled gel undergoes a hydrolysis
process at 100 °C for 24 h. This step is essential for
further stabilizing the nanoparticle structure. After
hydrolysis, the sample is ground for 1 h to achieve a
finer particle size. The material is then annealed at 500
°C for 4 h. After annealing, the sample is subjected to
an additional grinding process for 2 h to ensure
uniformity in particle size. The final step, the treatment
involved adjusting the Ag concentration (molarity = 0,
2, 3 and 4 %). The schematic synthesis process is
shown in Figure 1. The synthesized nanoparticles are
then characterized using various analytical techniques,
including X-Ray Diffraction (XRD), Fourier-
Transform Infrared Spectroscopy (FTIR), Vibrating-
Sample Magnetometer (VSM) and antibacterial tests to
assess their properties and potential applications.
Finally, the collected data from the characterization
tests are analyzed to draw conclusions about the
material’s  structural, magnetic and antibacterial

performance.
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Figure 1 Schematic procedure of green synthesis for magnetite doping silver.

Results and discussion

Crystal structure analysis

The XRD pattern of silver-substituted magnetite
(Figure 2) shows diffraction peaks at 26 values around
30.09, 35.49, 43.09, 53.46, 56.98 and 62.60 °,

corresponding to the (220), (311), (400), (422), (511)
and (440) crystal planes of magnetite nanoparticles
(MNP), consistent with JCPDS card 01-11111. The
(311) plane is dominant, indicating a face-centered
cubic (FCC) structure [21].
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20 40
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Figure 2 XRD pattern of green synthesis magnetite doping silver samples of doping variation (x = 0, 0.02, 0.03 and

0.04) annealing result of 500 °C for 4 h.

The peaks in the XRD pattern shown in Figure 2
which are between 30 and 62 ° have corresponded to
the standard magnetite [22]. All peaks match the
International Center for Diffraction Data (ICDD) entry
01-1111 for FCC magnetite [23]. Ag doping at 2.00,
3.00 and 4.00 % increase a-phase peak intensities,
suggesting an increase in crystallinity. However, at
concentrations of 3 and 4 %, a new phase known as the

Ag phase appeared, suggesting that the Ag ions in the
magnetite nanoparticles were unable to completely
replace the Fe ions. Calculation results for all XRD
parameters (crystallite size, lattice parameters, lattice

strain and density) are shown in Table 1.

D = kA/Bcos6 (1)
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where, k represents a constant value of 0.94, 1 denotes
the wavelength of radiation (1.54054 A for Cu Ko
radiation), f refers to the full width at half maximum
(FWHM) intensity of the peak, 6 indicates the angle of
diffraction, d is the spacing between crystal planes, (%,

k and /) are the Miller indices corresponding to the
(311) plane, M is the molecular weight and N
represents Avogadro’s number [24,25].

Higher Ag
pronounced peak shifts, especially in the (311) plane,

concentrations cause more

confirming changes in lattice spacing and crystallinity.
These structural modifications are likely to influence
the material’s antibacterial properties, warranting

further investigation into their functional impact.

Table 1 Crystallite size, mean grain size, lattice strain, density of green synthesis magnetite doping silver samples of

doping variation.

Doping Crystallite size, D (nm)  Lattice parameter, a (A) Lattizfostsr)ain, ¢ De(:/sci:z;’)dx
0 23.22 8.3713 4.89 5.2421
0.02 25.60 8.3714 4.44 5.2419
0.03 32.52 8.3715 3.49 5.2417
0.04 53.28 8.3776 3.22 5.2303

Oxide group analysis

Fourier-transform infrared (FTIR) spectroscopy
was employed to identify the functional groups
adsorbed on the surface of silver-doped magnetite
nanoparticles synthesized via the sol-gel method. The
FTIR spectra for samples doped with 0.02, 0.03 and

0.04 mol % Ag, annealed at 500 °C for 4 h, exhibited 2
prominent absorption bands indicative of a cubic spinel
structure. These bands correspond to the stretching
vibrations of the Fe-O-Fe bond, which appear in the
300 - 600 cm™ range, confirming the formation of
magnetite [26].
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Figure 3 FTIR pattern of green synthesis magnetite doping silver samples of doping variation (x = 0, 0.02, 0.03 and

0.04) annealing result of 500 °C for 4 h.
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The absorption peaks at approximately 570 cm™
result from the splitting of the v; band, observed at 570
and 416 cm™, likely due to the shifting of the v» band,
which corresponds to the Fe-O bond in bulk magnetite.
This further verifies the presence of FesO4 in the
synthesized nanoparticles. The v; band was positioned
higher than the v, band, indicating shorter Fe-O bonds
in the tetrahedral sites compared to the octahedral ones
[27].
observed at a wavenumber of approximately 1,600

In addition, another absorption peak was
cm™!, indicating the presence of C=C bonds. This
absorption suggests that the annealing process did not
fully eliminate all impurities resulting from incomplete
combustion during the synthesis. The force constant for
Fe-O stretching remained consistent across different
doping concentrations, while the force constant for Fe-
O bending showed a decreasing trend with increasing
silver doping concentration. The peaks observed at

around 570 and 416 cm™ in the Fe;O4 nanoparticles

findings were supported by the presence of Fe-O
stretching bands, likely enhanced by the use of lemon
extract during synthesis [21].

This result highlights the influence of silver
doping on the structural properties of magnetite
nanoparticles and the stability of Fe-O bonds within the
Table 2
presents the results of the calculations for the force
constants at the tetrahedral site (Eq. (5)) and the
site (Eq. (6)) of the

magnetite nanoparticles.

cubic spinel framework. Subsequently,

octahedral silver-modified

ke = 7.62M;kF x 1077 = )

ko = 10.62(52)k% x 1077~ (6)

M, and M, represent the molecular weights of the

cations located at the tetrahedral and octahedral sites,

indicate the successful formation of magnetite. These respectively [28].
Table 2 FTIR parameters of green synthesis magnetite doping silver samples of doping variation.
Doping vi (em™) v2 (em™) k¢ (N/m) ko (N/m) F (N/m)

0 576.74 416.64 14.15 5.15 8.15

0.02 569.99 374.21 13.83 8.53 11.18

0.03 570.95 364.56 13.87 8.10 10.99

0.04 570.95 366.49 13.87 8.19 11.03
Magnetic properties analysis compared to the doped samples. All samples exhibit
The magnetic properties of silver-doped remanent magnetization (Mr) after the external field is
magnetite synthesized via green synthesis were removed, confirming their ferromagnetic properties.

analyzed using Vibrating Sample Magnetometry
(VSM), with an external magnetic field applied from
—10 to 10 kOe. Hysteresis loops for iron sand samples
doped with 0.02, 0.03 and 0.04 % Ag, annealed for 4 h,
are shown in Figure 4, where the X-axis represents the
external magnetic field (H) and the y-axis indicates
magnetization (M).

As seen in Figure 4, the hysteresis loops widen
and narrow with increasing Ag doping. The undoped
magnetite sample shows a distinct hysteresis loop

Key magnetic parameters, including coercivity (Hc),

saturation  magnetization (Ms) and remanent
magnetization (Mr), are summarized in Table 3.
Additionally, the coercive field and saturation

magnetization can be utilized to assess magnetic
anisotropy (K.,), as demonstrated in Table 3 using the
following equation [25],

HcXMs
K, =——
0.96

()
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Figure 4 VSM Pattern of green synthesis magnetite doping silver samples of doping variation (x = 0, 0.02, 0.03 and

0.04) annealing result of 500 °C for 4 h.

Table 3 Parameter VSM of green synthesis magnetite doping silver samples of doping variation (x = 0, 0.02, 0.03 and

0.04) annealing result of 500 °C for 4 h.

Doping Hc (Oe) Ms (emu/g) MR (emu/g) Mgr/Ms K. (x10% (erg/cm®)
0 330.71 14.12 5.42 0.38 4.86
0.02 498.21 11.72 3.81 0.32 6.08
0.03 483.43 9.06 3.04 0.31 4.86
0.04 426.67 8.17 2.35 0.29 3.63

The undoped sample shows a coercivity of
330.17 Oe, increasing to 498.21 Oe with doping,
before decreasing to 426.67 Oe at higher doping levels.
This change is attributed to domain wall pinning during
domain nucleation, as described by Cullity and Graham
[29]. According to Jiles [30], this coercivity variation
depends on defect density and domain wall flexibility.
Both saturation and remanent magnetization decrease
with likely due to the
substitution of Fe**ions by Ag ions at octahedral sites,
as noted by Ashraf ez al. [31].

increasing Ag doping,

Antibacterial activity analysis
The antibacterial test results of silver-doped

magnetite nanoparticles against Escherichia coli with

varying doping concentrations (x = 0, 0.02, 0.03 and
0.04) showed inhibition zones ranging from 23.70 to
28.30 mm after 24 h of incubation. Meanwhile, the
antibacterial test against Staphylococcus aureus
showed inhibition zones ranging from 18.42 to 20.48
mm. This indicates significant antibacterial activity,
where the nanoparticles interact with the bacterial cell
wall, damage the membrane, and trigger the formation
of reactive oxygen species (ROS) that cause bacterial
cell damage [32,33]. The percentage of the area of the

zone of inhabitation (ZOI) is determined by utilizing
Eq. (8) [3].

Surface area of ZOI (mm) ?
Surface area of ZOI standard?

Z0I percentage (%) = x 100 (8)



Trends Sci. 2025; 22(3): 9182 7 0f 10

posili' t ( f

Figure 5 Antibacterial activity of green synthesis magnetite doping silver samples with concentration variations against

Stapylococcus aureus bacteria.

Table 4 Magnetite doping silver inhibitory zone variation in concentration against Stapylococcus aureus.

Doping Staphylococcus aureus (mm) Z01 percentage (%)
Positive 27.94 -
Negative 0 -
0 0 -
0.02 18.42 65.90
0.03 19.49 69.76
0.04 20.48 73.30

negatif

non-doping

Figure 6 Antibacterial activity of magnetite doping silver samples with varying concentrations against Escherichia coli
bacteria.
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Table 5 Magnetite doping silver inhibitory zone variation in concentration against Escherichia coli.

Doping Escherichia coli (mm) Z0I1 percentage (%)
Positive 35.1 -
Negative 0 -
0 0 -
0.02 26.50 75.49
0.03 28.30 80.63
0.04 23.70 67.52

The difference in membrane structure between
gram-positive and gram-negative bacteria affects their
sensitivity to nanoparticles. Gram-positive bacteria,
such as S. aureus, have thicker cell walls but are more
sensitive to nanoparticles compared to the gram-
negative E. coli, which has 2 membrane layers. ROS,
generated by the reaction of Fe?" ions, play a role in
damaging bacterial cells and inhibiting their growth
[34].

Overall, silver-doped magnetite nanoparticles
show great potential as antibacterial agents,
particularly against gram-negative bacteria such as E.
coli. The results obtained from Ag-modified magnetite
play an important role for future biomedical
applications, one of which is in the development of
targeted anticancer drug delivery systems [35].

Conclusions

The modification of magnetite nanoparticles with
silver using green synthesis has been successfully
carried out. The synthesis of silver-modified magnetite
nanoparticles resulted in a cubic structure, confirmed
by XRD data (ICDD 01-1111) with a face-centered
cubic (fcc) unit cell. Increasing silver doping shifted
the (311) hkl peak to higher angles, reducing the lattice
constant and increasing the crystallite size from 23.22
to 35.28 nm. FTIR spectra confirmed the presence of
Fe-O bonds typical of magnetite’s spinel structure.
exhibited

ferromagnetism, though both saturation and remanent

Magnetically, the nanoparticles
magnetization decreased with higher silver doping. The
nanoparticles showed promising antibacterial activity,
with the highest silver doping enhancing efficacy

against E. coli and S. aureus. Silver-doped magnetite

nanoparticles are promising multifunctional materials
with tunable magnetic and antibacterial properties,
useful for biomedical applications such as antibacterial
agents and magnetically guided drug delivery systems.
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