A \

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Moringa oleifera Gum-Assisted Synthesis and Characterization of
CoAg,Fe,_,0,: Insight into Structural, Magnetic, Optical, and
Biomedical Properties

Published as part of ACS Omega virtual special issue “Magnetic Nanohybrids for Environmental Applications”.

Qudsiya Y. Tamboli, Sunil M. Patange, Yugal Kishore Mohanta, Asha D. Patil, Rizwan Alj,
Ibraheem Bushnak,* and Kranti Zakde*

Cite This: ACS Omega 2024, 9, 3835-3845 I: I Read Online

ACCESS | Ll Metrics & More | Article Recommendations ‘

ABSTRACT: The sol—gel method was employed to prepare nano CoFe,0, and silver-
substituted CoFe,O, nanohybrids (CoAg,Fe, ,O, x = 0, 0.1, 0.2, 0.3, 0.4) utilizing
Moringa oleifera gum as biofuel. The morphology, size, shape, magnetic, optical, and
functional groups of the crystallites were determined using various techniques such as
UV—visible, Fourier transform infrared, X-ray diffraction, Rietveld, scanning electron ..\ oy
microscopy, transmission electron microscopy, vibrating sample magnetometry, and

photoluminescence. The produced nanoferrite has a spherical shape with cubic spinal
structures. The optical properties were investigated in two different bands in the
photoluminescence emission spectra at 469 and 493 nm. Saturation magnetization (Ms)
and coercivity (Hc) decrease as the Ag content increases significantly. Furthermore,
antibacterial (Gram-positive bacteria bacterial strains, Bacillus subtilis and Staphylococcus
aureus, and Gram-negative bacterial strains, Pseudomonas aeruginosa, and Escherichia coli),
antibiofilm activity (E. coli), and antioxidant (DPPH) activities were investigated. The
substantial increase in the silver content offers a constructive impact on studied biomedical
activities. These findings encourage additional research into the use of hybrid nanoparticles (an amalgamation of ferrite and a noble
metal) in biomedical and pharmaceutical applications.
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1. INTRODUCTION temperature stability, have been successfully used as
therapeutic agents in medicine since ancient times. Nano-
metric noble metals exhibit several uses, especially in
biomedicine, where they have the potential to revolutionize
many diseases are detected and treated.” Multifunctional
nanomaterials are entities that combine the remarkable
qualities of two or more nanomaterials. Specifically, by adding
noble metals and iron oxides to afford diversified nanostruc-
tures with enhanced properties.”

The rise of antimicrobial-resistant pathogenic bacteria is a
significant obstacle in the field of human health. The advent of
microorganisms that are resistant to antibiotics has led to a
significant increase in severe illnesses, affecting over two
million individuals in the United States alone, with an
estimated 23,000 fatalities annually.® According to recent

Ferrite is a fascinating magnetic material due to its unique
properties and applications in biomedical, organic synthesis,
optical, magnetic, and electronics. The nanosize ferrites have
unlocked multiple possibilities for intensive investigation to
establish their antibacterial activities in the field of biomedical
applications. Considering the unique properties of cobalt
ferrite (CoFe,0,) nanoparticles"” like ease of synthesis, large
magneto crystalline anisotropy, high saturation magnetization
(MS), coercivity (HC), high Curie temperature, narrow band
gap, excellent permeability, high chemical/electrochemical
stability, and mechanical hardness. It is the second most
studied magnetic material, with a versatile application in
biomedical and industrial fields.”* The preference of metal
cations in either the tetrahedral (Td) or octahedral (Oh) sites
with composition will determine the magnetic properties of
cobalt ferrite. Doping with noble metal cations is the most Received: = October 10, 2023

significant option for boosting the application of CoFe,O, in Revised: - December 6, 2023
the biomedical field.>° Accepted: December 18, 2023

Published: January 8, 2024

Silver, gold, palladium, platinum, ruthenium, rhodium,
iridium, and rhenium are examples of noble metals. Noble
metals, which exhibit exceptional corrosion resistance and high
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projections, it has been estimated that by the year 2050,
bacterial infections will lead to approximately 10 million deaths
annuallgf, surpassing the current number of deaths caused by
cancer. Additionally, multiple strains have demonstrated
resistance to the latest antibiotics. This information has been
documented in previous studies."’

Nanomaterials offer a promising avenue for antimicrobial
therapies by leveraging structural benefits such as intrinsic
composition, morphology, dimensions, and surface properties.
Hence, their unique physiochemical characteristics render
them a viable option for achieving improved therapeutic
outcomes against drug-resistant MDR infections. The
proposed mechanism for antimicrobial activity of nanoparticles
involved six key postulates: toxic ion release; rupture of the
bacterial membrane due to reactive oxygen species (ROS);
direct interaction of nanoparticles with bacterial cells
(degradation of peptidoglycan layer and cell wall); ROS
destroying proteins, RNA, and DNA; bacterial efflux pumps
and nanoparticle interaction; and reduction in the synthesis of
adenosine triphosphate (ATP) inside the cell.'' A potentially
important factor in the defense mechanism of bacterial biofilms
is the production of glycolipid and glycoprotein coatings that
encircle the cell layers of bacteria and make it easier for
bacterial cell growth inside the biofilm to avoid resistance from
the host and the action of antibacterial factors.'” Nano-
technology may offer an opportunity by penetrating biofilms
and inhibiting biofilm development.

Literature data revealed that silver nanoparticles (Ag NPs)
exhibit excellent antimicrobial activity compared to other metal
nanoparticles.”” In addition to the characteristic antimicrobial
properties of silver, recent studies revealed that the
antibacterial activity of CoFe,O, will be enhanced by the
addition of Ag.14 Hence, the investigation of novel antibacterial
nanomaterials and the exploration of the new properties of
hybrid materials have become attractive research areas.
Therefore, to recognize the most effective nanoscale ferrite
materials, researchers study various combinations of cobalt
ferrite and silver metal to evaluate their antibacterial properties
against various bacterial strains.

The antibacterial properties of the ferrite nanoparticles are
significantly dependent on their size and morphology.
Therefore, a synthetic methodology plays a crucial role in
tuning these parameters. However, most conventional methods
are expensive and hazardous to the environment. The extensive
use of the sol—gel method has been well documented in the
literature as quick, easy, and economical.'® Moreover, natural
organisms and natural substances such as plant extracts have
been effectively utilized for the green synthesis of nanocobalt
ferrite as a cheap and eco-friendly process.'® There is
significantly less research in the literature on green synthesis
of silver—cobalt ferrite nanoparticles like Okra (A. esculentus)
plant extract,'” honey,'® flower and leaf extracts of Hibiscus
rosa-sinensis,"” extracts from tulsi seed (Ocimum sanctum),”
Citrus limon,”"** and egg-white”> ** compared with conven-
tional synthesis techniques. Additionally, several studies have
reported the green synthesis of metal nanoparticles using a
variety of plant gums and resins.'”*° Moringa oleifera is a
medicinal plant from the Moringaceae family. It is popularly
known as the drumstick tree or the miracle tree in India. The
various sections of Moringa were successfully used for the
green synthesis of metal and metal oxide nanomaterials.”’
Recently, M. oleifera leaf extract’”’*° and gum®® were
successfully utilized for the synthesis of silver nanoparticles
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(AgNPs). However, M. oleifera gum-assisted sol-gel synthesis
of the Ag-substituted nano CoFe,O, and the subsequent
synergistic effect of increasing percentages of Ag on various
bacterial strains have not been reported yet.

Herein, we aim to provide phytochemically assisted green
synthesis, structural characterization, and antibacterial/anti-
biofilm/antioxidant effects of the various silver concentrations
(x=0,0.1,0.2, 0.3, and 0.4) on cobalt ferrite. M. oleifera gum
was successfully utilized as a green fuel in sol—gel synthesis,
and resulting biosynthesized hybrid nano ferrites were
characterized by XRD, UV, SEM, FTIR, and TEM. The
magnetic and photoluminescence properties were evaluated
through VSM and UV, respectively. The antibacterial and
antibiofilm activities against Gram-positive and Gram-negative
bacteria was studied. Moreover, the antioxidative properties
were also evaluated through the radical scavenging method, as
shown in Figure 1.

Nano CoFez0.

Sol-gel method

& &

Nano CoAgyFe, 0,

l Nano Ag
Moringa oleifera

Antibacterial activity Antibiofilm activity

Antioxidant activity

Figure 1. Greener synthesis and applications of CoAg,Fe, O, nano
hybrid.

2. RESULTS AND DISCUSSION

2.1. X-ray Diffraction Analysis. The X-ray diffraction
technique was used to confirm the formation of phase in
synthesized cobalt ferrite and Ag-substituted cobalt ferrite
nanohybrids; the investigated diffraction patterns are shown in
Figure 2. In the diffraction pattern, the identified peaks are
indexed as (220), (311), (222), (400), (422), (511), and
(440), corresponding to cubic spinel structures with space
group Fd3m.

The FullProf Suite software was utilized for the Rietveld
refinement XRD data, and the obtained parameters such as
goodness of fit (y*), expected R values (R,,), and weighted
profile R-factor (R,,) are summarized in Table 1. The
investigation of Rietveld refinement shows the formation of a
secondary phase having an Fm3m space group along with the
spinel phase for the cobalt ferrite samples substituted with Ag.
Lattice constant values along with the relative percentage of
the two phases (spinel and Ag) formed within the ferrites are
given in Table 1. Furthermore, from Table 2, it is found that
there is a simultaneous decline in the spinel phase from 89 to
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Figure 2. Rietveld refined XRD spectra of CoAg,Fe, ,O,. The vertical lines in green and pink at the bottom of the XRD indicate the positions of

Bragg’s peaks.

Table 1. Discrepancy Factor (RWP), Expected Values (Rexp),
and Goodness of Fit (y*) for Co,Ag,Fe, O,

nanoferrites R, R 7
QT1 (CoFe,0,) 10.3 105 1.02
QT2 (Co,Ag,, Fe, 40,) 14.1 14.5 1.05
QT3 (Co,Agy,Fe,0) 13.6 146 1.14
QT4 (Co,AgyFe, ,0,) 154 19.1 1.53
QTS (Co,Agy.4Fe, (O,) 14.8 16.5 123

Table 2. Lattice Constant, Spinel Phase %, and Ag Phase %
for Co,Ag,Fe, O,

lattice constant

spinel Ag spinel phase Ag phase %
nanoferrites phase phase % (Fd3m) Fm3m)
QT1 (CoFe,0,) 83873 100
QT2 (Co,Agy Fe ,0,) 83855  4.0897 89 11
QT3 (CojAgy Fe s0,) 83729 4.0857 80 20
QT4 (Co,AgoFe ,0,) 83618  4.0843 75 25
QTS (CojAgoFe 0, 83614  4.0819 72 28

72%, with enhancement in the secondary phase from 11 to
28% which indicates that Ag molecules may surround the Fe®*
cations at the sublattice sites.

The lattice parameter values of the investigated samples
were obtained from the eq 1:

3837

a=dVi + &+ (1)
where h, k, | = Miller indices, d = interplanar spacing.

It is observed (Table 2) that the decrease in lattice
parameter values corresponds to an increment of the silver
content in cobalt ferrite, which is due to the greater ionic
radius of the silver ion than the cobalt ion. Furthermore, due to
their inability to diffuse within the spinel lattice, silver ions
with large ionic radii form secondary phases on the grain
boundaries.”"

Using the Debye—Scherrer formula, the crystallite sizes (D)
of samples were determined by eq 2:

092
Pcos 0

2)

where A = X-rays wavelength (1.540562 A), 8 = full width at
half-maximum (fwhm) and 6 = Bragg’s diffraction angle.

2.2. FESEM Analysis. Figure 3 represents field-emission
scanning electron microscopy (FESEM) images of
CoAgFe, O, (x = 0, 0.1, 0.2, 0.3 concentration). From
these images, it can be observed that the synthesized
nanohybrids exhibit a spherical shape and agglomerate because
of magnetic interactions. The investigated agglomerated
structures showed a nonuniform distribution of hybrids in
the prepared samples.

https://doi.org/10.1021/acsomega.3c06578
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Figure 3. FESEM images of CoAg,Fe, O, ferrites.

2.3. TEM Analysis. The shape and size properties of
synthesized nanoferrite can be better understood by combining
the TEM image with the particle size distribution histogram.
Transmission electron microscopy (TEM) images obtained
after ultrasonic treatment in ethanol for 15 min (Figure 4)
show the morphologies and particle sizes of Co,Agy,Fe;30,.
The image shows that the morphology of some of the
nanoparticles resembles an irregular shape, with most of the
nanocrystals in a monosized and spherical shape. The
nanoparticles modestly aggregated. By size counting from the
appropriate TEM image, the size distributions of the
nanocrystals were determined. These patterns of size
distribution were well-fitted by Gaussian distributions,
providing an average diameter of 30 nm. A fair distribution
of particle-like characteristics could be seen that provides
further understanding of the crystallinity of the nano ferrite.
The high crystalline characteristics of the Ag-substituted ferrite

were confirmed by the distinguished and uniform lattice
fringes.

2.4. FTIR Analysis. Figure S reveals Fourier transform
infrared (FTIR) spectra for cobalt ferrite samples substituted
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Figure S. FTIR spectra of Co;Ag,Fe, O, ferrites.

with various compositions of Ag in the range 1200—400 cm ™.

It provides crucial information for understanding the
composition and behavior of cobalt ferrite hybrids by
molecular vibrations, the spinel ferrite structure confirmation,
and insights into the structural modifications induced by the
substitution of Ag. In FTIR spectra, two peaks below 1000
cm™ are found, which are distinctive features of the spinel
ferrites.”” The peaks observed in the range of 391—418 cm ™" in
each sample are attributed to vibrations of octahedral metal—
oxygen bonds, signifying the interaction between cobalt ions
and oxygen atoms in the octahedral coordination environment.
The peak at 534—553 cm™ corresponds to vibrations of
tetrahedral metal—oxygen bonds, revealing the arrangement of
cobalt ions and oxygen atoms in the tetrahedral coordination

Microscope [Accelerating Voltage |Magnification

JEM-1400 200000 x |

Grain Size (nm)

Figure 4. TEM image and particle size distribution histogram of Co,Agy,Fe; O,.
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sites. The existence of these peaks confirms the formation of
the spinel ferrite structure in newly prepared ferrite hybrids.
Table 3 provides a detailed analysis of peak positions with

Table 3. Values of Absorption Bands (¥, and v,) and Band
Gap Energy for Co,Ag,Fe, O,

where E, = optical band gap energy and h = Planck’s constant

The energy band gap is a critical optical property.
Depending on the crystal structure and composition, cobalt
ferrite may have both direct and indirect band gaps. The band
gap energy influences the ability of cobalt ferrite to absorb and
emit light, an essential property for electronic and optoelec-
tronic applications. The band gap energies of prepared cobalt
ferrite samples with different contents of Ag doping were
obtained by plotting graphs between the direct band gap
(ahv)* and photon energy (hv), as shown in Figure 7. The

vibrational
frequency
(em™)
nanoferrites v v, band gap energy E, (eV)

QT1 (CoFe,0,) 534 391 2.12
QT2 (Co,Ag,,Fe,40,) 538 399 2.34
QT3 (Co,Agy,Fe, 0,) 540 403 2.52
QT4 (Co,AgysFe,,0,) 548 405 2.70
QTS5 (Co,Ago.4Fe, (O,) 553 418 2.90

silver (Ag) substitution in cobalt ferrite. The observed slight
variation in peak positions suggests changes in the local
environment of metal—oxygen bonds. This variation can be
attributed to the redistribution or migration of cations between
the tetrahedral and octahedral sites within the crystal lattice.
This process indicates the interaction and integration of Ag
into cobalt ferrite.

2.5. Optical Properties. The optical properties of Ag-
substituted cobalt ferrite nanohybrids prepared by the sol—gel
method were studied by UV—visible spectroscopy to under-
stand the energy levels associated with the electronic
transitions. The position and nature of the absorption edges
provide information about the energy required for electronic
transitions. The absorption peaks correspond to the promotion
of electrons from lower to higher energy orbitals. UV—vis
spectroscopy can reveal size-dependent effects as well as
photocatalytic activity.

The absorption spectra of all samples were performed in the
range 200—800 nm and are shown in Figure 6. The studied
ferrites exhibit visible-region absorption in their acquired
spectra.

The band gap energy (E,) values were obtained by using the
Tauc eq 3

ahv" = A(hv — E,)" 3)

1.0+

0.8 4

0.6 4

absorbance (a.u.)

0.2

T T T T T T T
200 300 400 500 600 700 800

Wavelength (nm)

Figure 6. UV—vis absorbance spectra of Co,Ag,Fe, O, ferrites.
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Figure 7. Tauc plots of Co,;AgFe, O, nanoferrites.

band gap energy can be obtained by extra plotting the linear
part to (ahv)* = 0. The computed values of the band gap
energies are depicted in Table 3. From Table 3, it is found that
band gap energy values are enhanced with the content of Ag in
cobalt ferrite samples, which is related to the particle size of the
prepared ferrite samples.>

2.6. Magnetic Properties. The response of the magnet-
ization of Co,Ag Fe, O, NPs with an applied magnetic field
at room temperature is studied with the help of a vibrating
sample magnetometer. The hysteresis loops for different
contents of Ag in cobalt ferrite are represented in Figure 8,
which gives the relation between magnetization and the
applied magnetic field. The hysteresis loops appear to be wide,
which indicates that all of the samples show a hard magnetic

100
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-100
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Figure 8. Room-temperature magnetic hysteresis loops for
Co,Ag.Fe, O,.
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character. The values of coercivity (Hc) and saturation
magnetization (Ms) were obtained from the hysteresis loops
and are shown in Figure 9. It is noticed that saturation
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Figure 9. Variation of saturation magnetization and coercivity of
Co,Ag,Fe,_ O,

magnetization decreases with enhancement in the concen-
tration of Ag in cobalt ferrite, which is owing to the
replacement of the Co®" ion with the nonmagnetic Ag* ion.”*

In the present study, iron has a S B magnetic moment,
which is equally distributed at octahedral as well as tetrahedral
sites, and cobalt ions with a 3 4B magnetic moment occupy the
octahedral site, whereas silver ions with a 0 yB magnetic
moment prefer to occupy the B-site and replace some of the
cobalt ions at the A-site, resulting in a decrease in saturation
magnetization, which results in the reduction of the magnetic
moment at the octahedral B site, as shown in Figure 9.
Furthermore, this can be explained with the help of Neel’s
theory’ and the super-exchange interaction mechanism. It is
observed that as the amount of Ag in cobalt ferrites increases,
the coercivity (Hc) values decrease, which corresponds to a
decrease in crystallite size and anisotropy.”® Particle size,
morphology, microstrain, magneto-crystalline anisotropy, ionic
radii, and the type of metal ions are some of the factors that
affect coercivity (Hc).>”**

2.7. Photoluminescence (PL) Analysis. PL properties of
the CoAg[Fe, ,O, nanohybrid have been studied at room
temperature and shown in Figure 10 as excitation and emission
photoluminescence spectra. The electron—hole recombination
rate of the samples was studied at room temperature with the
help of photoluminescence spectra. It is well-known that an
elevated surface-to-volume ratio in nanocrystalline ferrite
promotes oxygen vacancies and defects by bond cleavage. A
newly synthesized hybrid material behaves in a similar manner.
Monovalent Ag" ions replace Fe?* ions to create an imbalance
in charge. This change can subsequently lead to more defects
in the CoFe,0, lattice. It is obvious that the spectrum exhibits
a broad emission peak at 469 nm, which may result from the
recombination of holes and electrons in the conduction and
valence bands. This is appropriate for dee}) traps of lattice
defects with limited surface conditions.”” The origin of
luminous characteristics in the nanomaterial lattice is due to
such forces.

2.8. Antibacterial Activity. The bactericidal activity of
silver-substituted cobalt ferrite nanohybrids synthesized using
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Figure 10. PL spectra of Co,AgFe, O, ferrites.

M. oleifera gum was determined against Gram-positive and
Gram-negative bacteria, revealing a dose-dependent relation-
ship. For the preliminary screening regarding their antibacterial
activity, the zone of inhibition was measured and is depicted in
Table 4. The antibacterial activity is higher in QTS
(Co,AgyFe; 40O,) against B. subtilis and E. coli as compared
to the lower percentage of Ag-substituted, but in the case of S.
aureus and P. aeruginosa, QTS has less activity as compared to
its lower concentrations. Sometimes, in the agar well diffusion
method, there is variability in the diffusion potential of the
samples. However, in the broth dilution method, where the
MIC was calculated, the results revealed an increase in the
antibacterial potential as a function of the percentage of Ag-
substituted cobalt ferrite (Table 5). The detail of the dose-
dependent antibacterial activities of silver-substituted cobalt
ferrite nanohybrids is depicted in the Supporting Information.
It may be due to appropriate interaction between the
nanohybrids and bacterial cells under the solution conditions.

For effective antibacterial activity, the appropriate inter-
action between the cells and compounds or samples should be
required, and it might have been possible with the broth
dilution method, which showed interesting antibacterial results
in the current experiment. Hence, M. oleifera gum-assisted
synthesis of silver-substituted nano cobalt ferrite exhibits
potential antimicrobial activities. The current finding supports
the hypothesis in accordance with literature reports. Hence,
the current synthesized silver-substituted cobalt ferrite nano-
hybrids would be a better option as a material to be utilized for
different applications in the era of multidrug resistance.

2.9. Antibiofilm Activity. M. oleifera gum-assisted
synthesized silver-substituted nanocobalt ferrites have also
been assayed for antibiofilm activity against biofilm-forming
bacteria. In the present study, the in vitro antibiofilm activity of
Co,Ag,Fe, O, was evaluated in a dose-dependent manner
against the biofilm-forming bacteria E. coli. The individual
species of bacteria were grown in 96-well microtiter plates for
24 h, and then treatments of 1000 ug/mL of the individual
synthesized Co,Ag,Fe, O, ferrites were added to each well.
Results of the assay revealed that the biosynthesized
Co,Ag,Fe, O, ferrites inhibited biofilm formation by the
bacterial species, relative to the negative control used in the
experiment (Figure 11). The MICs of antibiofilm activity of
QTS (Co,Agy4Fe c0,) and Streptomycin were expressed in
terms of ICy, and found to be 774.08 + 42.86 and 578.71 +
9.22 pg/mL respectively (Table 6). From the MIC value, it
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Table 4. Antibacterial Activity of Co,AgFe, O, in Agar Well Diffusion Methods with Results Represented as Zone of

Inhibition (in mm + S.D.)

strain name QT1 QT2 QT3 QT4 QTS standard (sterptomycin)
S. aureus 17.00 + 0.08 22.00 + 0.00 16.00 + 0.00 21.00 + 0.00 15.00 + 0.00 18.00 + 0.00
P. aeruginosa 20.90 + 0.12 20.00 + 0.08 26.00 + 0.08 19.00 + 0.08 17.00 + 0.08 24.00 + 0.00
B. subtilis 17.03 + 0.04 21.00 + 0.00 16.00 + 0.00 19.00 + 0.00 22.00 + 0.00 24.00 + 0.00
E. coli 17.09 + 0.04 19.03 + 0.04 20.63 + 0.51 18.00 + 0.08 22.00 + 0.08 22.00 + 0.00
Table 5. Anti-bacterial Activity of Co,Ag,Fe, O, with MIC Results Represented as ug/mL + S.D.
ICso(ﬂg/ mL)
nanoferrites S. aureus P. aeruginosa B. subtilis E. coli
QT1 (CoFe,0,) 194.05 + 11.22 139.03 + 5.12 156.11 + 9.83 1345 + 2.18
QT2 (Co,Ag,,Fe,,0,) 64.78 + 1.01 67.81 + 2.70 66.60 + 2.28 69.33 + 1.92
QT3 (Co,Ag,,Fe,0,) 42,54 + 0.79 66.73 + 1.84 32.36 + 0.60 66.84 + 1.00
QT4 (Co,AgysFe,,0,) 32.95 + 0.75 61.48 + 2.76 2148 + 0.15 21.36 + 0.48
QT (Co,AgysFe, s0,) 2545 + 1.06 28.12 + 0.96 16.16 + 0.37 20.50 + 2.74
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Figure 11. Antibiofilm activity of Co,Ag,Fe, ,O, nano ferrites.

was clearly indicated that silver-substituted cobalt ferrite
nanohybrids can be used as a strong antibiofilm agent against
biofilm-forming pathogenic bacteria. Moreover, the addition of
M. oleifera gum as the reducing and capping agent will be
another valuable addition to safer nano ferrite development.
The current study supports the literature data that suggests
metal-substituted cobalt ferrite nanoparticles have potential
antibiofilm activity. Hence, the current finding recommends
the potential possibilities of using Co,AgFe, O, ferrites in
antibiofilm eradication.*

2.10. Antioxidant Activity. There have been several
research reports on the individual antioxidant properties of
silver and cobalt ferrite nanoparticles. The antioxidant
capability, which was assessed using the DPPH assay as a
model reaction, showed that cobalt ferrite nanoparticles exhibit
good antioxidant potential compared to ascorbic acid.""**
Likewise, individual silver nanoparticles and also silver have
several reports on potential DPPH scavenging activities."
Therefore, the significant antioxidant potential of
Co,Ag,Fe, O, ferrites was evaluated by the DPPH radical
scavenging assay, and significant scavenging potentials were
found in all combinations of nano ferrites with increasing order

(Figure 12). QTS (Co,Agy,Fe;40,) was found to inhibit
69.34 + 1.53% which is nearest to the value of the positive
control, Ascorbic acid (73.76 + 1.17%).
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Figure 12. Antioxidant activity of Co,Ag,Fe, O, nanoferrites.

The results give a good indication that Co,AgFe, O, in
cellular systems has a lower risk. From the results, it was clearly
indicated that silver-substituted cobalt ferrites can be used as
biologically susceptible and safe materials in future applications
related to living cells. In the present study, the same results as
in the literature report the potentiality of antioxidant activity
through DPPH radical scavenging activities. The current
results strongly establish the potential of Co,Ag.Fe, O,
territes for different biomedical applications.

3. CONCLUSIONS

We successfully demonstrated the utilization of aqueous M.
oleifera gum extract as a biofuel for the synthesis of cubic spinal
Ag-substituted cobalt ferrite (Co,Ag.Fe, ,O,) with nonun-
iformly distributed spherically shaped nanohybrids. The XRD

Table 6. MIC (ICy, pg/mL) of Co,Ag,Fe, O, against Biofilm-Forming Bacteria E. coli

samples 1000 pg/mL 500 pg/mL

QTS (Co,Agy4Fe, O,) 57.05 + 1.63 35.50 + 1.79

streptomycin 73.76 £ 1.63 53.11 £ 1.36
3841

250 pug/mL 125 pg/mL ICsoug/mL
19.25 + 0.97 9.54 +£ 0.92 774.08 + 42.86
31.79 + 1.22 14.21 + 1.60 578.71 £ 9.22
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Figure 13. M. oleifera gum-assisted synthesis of CoAg,Fe, O,.

pattern confirmed the formation of the spinel structure, with
the second phase having space group fm3m. It is specified that
the lattice constant increases with an increase in the
concentration of Ag. The substantial increase in the silver
content offers a constructive impact on optical properties. The
VSM investigation indicates that coercivity (Hc) and
saturation magnetization (Ms) decline with an increase in
the silver percentage. The enhanced antimicrobial, antibiofilm,
and antioxidative properties were predominantly attained by
augmenting surface reactivity via appropriate surface area and
nanoscale dimensions. It became apparent that the quantity of
silver in cobalt ferrite subsequently enhanced the antibacterial
properties. The current study’s findings can be expanded to
examine the inhibition of multidrug-resistant bacteria by
combining varied amounts of silver with different ferrite
nanoparticles.

4. MATERIALS AND METHODS

4.1. Chemicals and Reagents. The analytical-grade
reagents were purchased from Sigma-Aldrich: ferric nitrate
nonahydrate (Fe (NO,);9H,0), cobalt nitrate hexahydrate
(Co (NO;),-6H,0), silver nitrate (AgNO;), and ammonia
solution (NH,OH).

4.2. Preparation of Moringa oleifera Gum Extract.
Using a mortar and pestle, 10 g of M. oleifera gum was crushed
to a fine powder. The powder was dissolved in 100 mL of
deionized water and heated for 2 h while being continuously
stirred. The aqueous solution was filtered using Whatman No.
1 filter paper, cooled to room temperature, and stored for
future use.

4.3. Preparation of Ag-Substituted Cobalt Ferrite
Nanohybrids. Silver-substituted cobalt ferrite nanohybrids
with the composition of CoAg.Fe, ,O, (x = 0, 0.1, 0.2, 0.3,
0.4) were synthesized by the sol—gel method, as shown in
Figure 13. The compound was prepared by mixing a
stoichiometric ratio of ferric nitrate, cobalt nitrate, and silver
nitrate and dissolving it in deionized water. Aqueous M. oleifera
gum extract was used as a biofuel and added to the prepared
aqueous solution in a molar ratio of 1:1. The pH of the
solution was adjusted by dropwise addition of ammonia
solution to 7 under stirring. The obtained solution was placed
on a hot plate at 80 °C to afford a thick viscous gel, which was
subsequently removed by extended heating to furnish a ferrite
powder. The obtained powder was crushed to a fine powder
with an agate mortar. Finally, the fine powder was subjected to
calcination at 600 °C for S h in a temperature-controlled
furnace.

4.4. Characterization. The XRD spectra of calcined
samples were obtained using a Bruker D2 PHASER X-ray
diffractometer with Cu Ka as the radiation source, which has a
wavelength of A = 1.5405 A and is inclined at diffraction angles
of 20 between 20° and 80° at room temperature. The samples’
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microstructures were examined using FESEM (FEI Nova
Nano SEM 450). TEM images were acquired using a Gatan
camera and TEM Center Ver.1.4.3222 (TEM operating and
acquisition system) on a JEOL-JEM 1400 operating at 120 kV.
Using a Jasco FT/IR 4000 series spectrometer, a Fourier
transform infrared (FTIR) spectroscopic analysis was
performed. Magnetic analysis was studied using a vibrating
sample magnetometer (Quantum Design PPMS-VSM) at
room temperature. Using a UV/vis spectrophotometer, we
investigated the optical characteristics of the samples were
investigated.

4.5. Antibacterial Activity. The antibacterial activities of
CoAg,Fe, ,O, nano ferrites were carried out following the
methods described by in the literature.'> Briefly, the
antibacterial activity of the synthesized nanohybrids was
conducted by using simple and familiar agar-well diffusion
methods. During the activity test, the Muller-Hinton Agar
(MHA) medium was used for the growth of the test
pathogenic bacteria. Broth (100 uL) of each bacterial strain
such as S. aureus (ATCC 25923), P. aeruginosa (ATCC
15442), B. subtilis (ATCC 6051), and E. coli (ATCC 25922),
was spread over the medium uniformly. Wells with a diameter
of 5 mm were created through the utilization of a sterile cork
borer. Preparations were made by dissolving all nano-
composites (1000 pg/mL) in DMSO, followed by the addition
of 10 uL of each individual nanocomposite into the designated
well. Additionally, the Petri plates that were subjected to
inoculation were placed in an incubator set at a temperature of
37 °C for a duration of 24 h. The streptomycin solution, with a
concentration of 1000 ug/mL, was prepared as a positive
control, while dimethyl sulfoxide (DMSO) was selected as the
negative control. The assessment of antibacterial activity
involved the quantification of the zone of inhibition (ZI)
diameters. All of the determinations were conducted in
triplicate, ensuring the replication of each experiment for
increased statistical robustness. Furthermore, the minimum
inhibitory concentration (MIC) of CoAg,Fe,_,O, nanohybrids
was evaluated.”” The minimum inhibitory concentrations
(MICs) of CoAg,Fe,_ ,O, nano ferrites were quantified and
represented as an IC;, value. All experimental procedures were
conducted in triplicate, and subsequently, the mean value and
standard deviation were computed.

4.6. Antibiofilm Activity. A 96-well microtiter plate (flat
bottom, polystyrene) was used to determine the antibiofilm
activity of the Ag-substituted cobalt ferrite nanohybrids.*>** In
a sterile 96-well microtiter, plates containing 100 uL of
Nutrient broth per well and 50 L of fresh bacterial suspension
(E. co Gram-negative) were added. 100 uL of standard
(Streptomycin 1000 pg/mL) solution was added to the
standard test. In each test well, 100 uL of the samples
containing Ag-substituted cobalt ferrite nanoparticles at a
concentration of 1000 pg/mL were introduced. Following a
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period of incubation at a temperature of 37 °C for 24 h, the
contents of each well were delicately extracted by tapping the
plates. The wells underwent a thorough washing process using
200 uL of sterile saline solution in order to eliminate any
bacteria that were not attached to a surface. The formation of
biofilms by cells that adhere to the plate was facilitated,
followed by staining using a 0.1% concentration of crystal
violet. The resulting biofilms were then incubated at ambient
temperature for 20 min. The surplus stain was eliminated
through a thorough rinsing process employing deionized water,
while the plates were subsequently treated with 200 L of 96%
ethanol for fixation. The optical densities (OD) of stained
bacteria that adhere to surfaces were quantified at a wavelength
of 630 nm using an enzyme-linked immunosorbent assay
(ELISA) microplate reader. The percentage of inhibition of
biofilm formation was calculated using the following eq 4:

% biofilm inhibition
= [1 — (ODgy of cells treated with Nano

hybrids/ODj;, of the non — treated control) X 100]
(4)
The experiments were performed in triplicate, and the
average value along with the standard deviation was calculated.
4.7. Antioxidant Activity. Antioxidant activity in the
sample QT1, QT2, QT3, QT4, and QTS compounds was
estimated for their free radical scavenging activity by using
DPPH (1, 1-Diphenyl-2, Picryl-Hydrazyl) free radicals.** A
total volume of 100 uL of QT1, QT2, QT3, QT4, and QTS
nanohybrids, each with a concentration of 1000 y/ml, were
aliquoted into the microtiter plate. A volume of 100 uL of a
methanolic solution containing 0.1% of DPPH (2,2-diphenyl-
1-picrylhydrazyl) was introduced onto the samples, followed
by an incubation period of 30 min under light-restricted
conditions. Ascorbic acid was utilized as the positive control.
The samples were subsequently subjected to a visual
examination for any alterations in coloration. The transition
from a purple hue to yellow and pale pink shades was deemed
indicative of robust and feeble positive reactions, respectively.
The Elisa plate reader was employed to analyze the plate at a
wavelength of 490 nm, enabling the determination of radical
scavenging activity by the following eq S:

DPPH radical scavenging activity (%)

= [(Absorbance of control — Absorbance of test

sample)/(Absorbance of control)] X 100 ()

4.8. Statistical Analysis. The determination of the
statistical significance in the data was achieved through analysis
utilizing the Duncan test. The data are displayed in the format
of mean =+ standard deviation (SD). The observed data
exhibited statistical significance with a p value of less than 0.0S.
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