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ABSTRACT: Novel materials for biomedical applications are in critical need of || =
time. In the present work, the antibacterial properties of Co,_,NiMgFe,O,
nanoparticles (NPs) are assessed by the disc diffusion method for the common
pathogen, that is, Gram-negative (Escherichia coli and Pseudomonas aeruginosa) and
Gram-positive (Staphylococcus aureus) bacteria. Overnight grown bacterial cultures
were individually lawn-cultured on nutrient agar plates. All samples of NP
concentrations (2 mg/mL) were prepared in sterile water and dispensed by
sonication. Sterile filter paper discs (1.0 mm) were saturated by the (doped
CoFe,0,) NP solution and incubated at 37 = 0.1 °C for 24 h. The NPs with a fine
size of 30—70 nm of Co,_,Ni Mg Fe,O, were achieved using the sol—gel method
by doping CoFe,0, initially with Ni and codoping with Mg, and their properties
were studied by X-ray diffraction, scanning electron microscopy, energy-dispersive
X-ray spectroscopy, and Fourier transform infrared techniques. According to the
results, Cog sNigy,sMg ,sFe,0, NPs exhibited potent antibacterial activities against s. aureus having an inhibition zone of 6.5 mm and
P. aeruginosa having an inhibition zone of 6 mm as that were examined. The result shows that the bacteriostatic properties of NPs are
used for numerous applications such as hyperthermia, antibacterial treatments, and targeted drug delivery.

O
- o0

1020 30 40 S 60 70 S04 43 44
20 (Degrees)

C i XRD pattern of cobalt doped nano ferrites

1. INTRODUCTION magnetization. Magnetic properties are greatly dependent
upon its crystal orientation; it shows excellent electrical
insulation.”” Furthermore, from previous studies, it was
confirmed that CoFe,O, is a magnetic particle and there is
an increase in magnetic properties by increasing the Mg and Ni
concentrations.*’

Metal ferrite NPs indicate substantial antibacterial activ-
ities.'” Transition-metal-substituted cobalt ferrite NPs have the
most effective contact biocidal property among all of the
NPs.!! Among these metal ferrite NPs, cobalt ferrite NPs show
high biocompatibility, and their antibacterial activity makes
them an appropriate option for antibacterial uses in the
industrial, food, and medical fields."”™"* CoFe,O, plays a
major role in medical applications and the chemical industry
like biosensors and gas sensors.’” In the biomedical field,
cobalt ferrite NPs are utilized for applications such as
computer tomography (CT scan), contrast agents of magnetic
resonance imaging, and tumor treatment viz. targeted drug

Recently, magnetic nanoparticles (NPs) have attracted
substantial consideration in the field of biomedical because
of their beneficial magnetic, optical, and antibacterial features
at the nanoscale. The magnetic nanoferrites are generally
represented as MFe,O, where M represents either Ni, Co, or
Cu which are tetrahedral sites of typical bivalent cations in a
cubic lattice structure." Co is used as a source of gamma rays
for sterilizing medical equipment and consumer products,
radiation therapy for treating cancer patients, and for
manufacturing plastics.2 Furthermore, Co is used for food
irradiation; depending on the radiation dose, the irradiating
process is used to sterilize food, destroy pathogens, extend the
shelf-life of food, disinfest fruits and grain, delay ripening, and
retard sprouting like potatoes and onions. Cobalt ferrite,
CoFe,0, (CFO), a ferrimagnet having inverse spinel, is one of
the most commercially significant members of the magnetic
ferrite class.” The spinel structure in cobalt ferrite is inverse
and has various advantages due to its good coupling efficiency,
high magnetostrictiveness, and low cost among other different Received: August 15, 2022
spinel ferrites.”> CoFe,O, has attracted special attention on Accepted:  November 28, 2022
account of its unique physical features, including high Curie Published: January 18, 2023
temperature, large magnetocrystalline anisotropy, high co-

ercivity, excellent chemical stability, large magnetostrictive

coefficient, mechanical hardness, and moderate saturation
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Figure 1. Synthesis of cobalt-based ferrite NPs via the sol—gel route.

delivery and hyperthermia.'®'” These are the essential factors
that influence biomedical applications. The effectiveness of
these NPs is biocompatibility and easy surface functionaliza-
tion."® Yamamoto et al. reported the influence of particle size
on the antibacterial activity and reported that the activity
increased with decreasing particle size.'” The antimicrobial
application of magnetic NPs is gaining attention because they
can be manipulated through an external magnetic field.
Moreover, many nonmagnetic metal NPs or metal oxides
were found to be antimicrobials against pathogenic bacteria.
Gole et al. reported the antibacterial study of cobalt ferrites by
agar well diffusion method and found positive results against
the most common pathogen such as Escherichia coli.”® Velho-
Pereira et al. reported that cobalt ferrite NP systems have
antibacterial activity against multidrug-resistant clinical patho-
gens, namely, Gram-positive bacteria Staphylococcus epidermidis
and Gram-negative bacteria E. coli.”' Nickel ferrite (NiFe,0,)
NPs have excellent antibacterial properties against S. aureus
and Pseudomonas aeruginosa, making them a good source of
disinfectant in polluted water bodies with powerful properties
that improve microbe inhibition.””** Recent studies showed
that the nickel nanoferrites are well known for having unique
properties such as high permeability under high-frequency
conditions and electrical resistivity in magnetic data storage
devices, radar and microwave devices, biomedical fields, and
nanoscale electronic systems.”* Due to their capacity to show
surface disorderliness, nickel ferrite, a member of the group of
cubic ferromagnetic oxides, can exhibit this exceptional
property.

The ferrimagnetic substance cobalt—nickel (Co—Ni) ferrite
has the highest magnetocrystalline anisotropy and magneto-
striction coefficient among ferrites. It is well-known that Co
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and Ni are both inverse spinel with homogeneous distribution
in the A and B lattice sites. As a result, their magnetic
properties are attributed to the antiferromagnetic coupling
between the tetrahedral and octahedral sublattices. Addition-
ally, nickel-substituted cobalt ferrites exhibit good chemical
stability and are used as a binder and magnetic filler in
nanocomposites for electromagnetic shielding. Furthermore, it
is generally expected that rare-earth-substituted spinel ferrites
will often exhibit superior electric and magnetic characteristics
when compared to their counterparts made of pure spinel.””

An appropriately designed hybrid system of alumina-based
nickel ferrite would be beneficial for potential use as an
antimicrobial or drug delivery agent to specific organs in the
human body system, considering the accessibility, suitability,
and widespread application of alumina in various applications.
Sanpo et al.”’ suggested a new approach to enhancing the
antibacterial activity of ferrite NPs for biomedical applications
by substituting the transition metal with the spinel ferrite.”®
The objective of this research work is to investigate the effect
of doping of Mg and Ni in cobalt ferrite NPs with different
concentrations of Cog,sNijy;Fe, 0,4, CoyNiyFe,Oy
Coy Mg, sFe,0,, and CoysNiy,sMgj,sFe, 0, and from disc
diffusion method, it was confirmed that codoping with Ni and
Mg concentration shows antibacterial properties.

2. MATERIAL DETAILS

The raw materials used in this work were the salts of iron
nitrate (nano hydrated [Fe (NO;),-9H,0]), magnesium
nitrate (hexa-hydrated [Mg(NO;),]), cobalt nitrate (hexa-
hydrated [Co(NO;),"(H,0)]), nickel nitrate (hexa-hydrated
[Ni(NO;),-6H,0]), citric acid (CA) [C4HgO,], deionized
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ACS Omega 2023, 8, 3755-3761


https://pubs.acs.org/doi/10.1021/acsomega.2c05226?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05226?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05226?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05226?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

water, and ammonia [NH,OH] which were procured from
Merck & Co.

2.1. Synthesis of NPs. The remarkable structural,
electrical, and magnetic properties of ferrites, a large class of
magnetic oxides, make them suitable for a wide range of
applications. These characteristics are highly influenced by the
preparation technique. The sol—gel method has many
advantages over other technigues for producing ferrite with
the desired nanoarchitecture.”

The sol—gel method was used to synthesize the cobalt-
doped ferrites.”® The specific amounts of dehydrating iron(III)
nitrate, cobalt nitrate, nickel nitrate, and magnesium nitrate
were added to the solution, DI water was used as a solvent and
to make the product. The solution was kept on a hot plate at
60—90 °C temperature. After 15 to 20 min of continuous
stirring, ammonia was added to maintain the pH of the
solution. CA was used as a fuel, keeping metal nitrates to CA
molar ratio 1:2.>° After that, the final solution was set at 120
°C to allow gel formation. In the later stage, the gel
automatically ignited and burnt with high-temperature glowing
flints.”® The gels were dried and ground to obtain nanoferrite
powders. The powders were annealed at 800 °C for 3 h in a
muffle furnace to obtain desired degrees of crystallinity. The
illustration synthesis process has been made with BioRender
software, as shown in Figure 1 and the schematic diagram in
Figure 2, respectively.
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Figure 2. Schematic flow sheet for the preparation of NPs.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis. The X-ray diffraction (XRD) patterns
of all synthesized samples in the 26 range of 20—80° are shown
in Figure 3.

The XRD patterns were indexed and confirmed, and the
peaks were well-matched with JCPDS no. (00-003-0864). The
diffraction peaks of synthesized NPs corresponded to the
(111), (220), (311), (222), (400), (422), (511), and (440)
planes, confirming that the structure of synthesized NPs was
single-phase. The lattice constant and unit cell volume of the
samples were found to be decreased with the increase of Mg
contents, which was due to the substitution of relatively smaller
Mg (0.72 A) ions for larger Co** (0.74 A) ions. The effect of
Ni substitution was also seen that the results showed a ferrite
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Figure 3. XRD pattern of cobalt-doped nanoferrites.

structure of cubic lattice, and the lattice constant decreased
with an increase of the Ni content. This is due to the smaller
ionic radius of nickel ions (0.63 A) replacing the cobalt ion
(0.78 A) site.*’ The lattice constant has been calculated by
using eq 1.

1 K+ +7

d* a’

(1)

where d is the interplanar spacing, (h k [) is the miler indices,
and (a) is the lattice constant. The crystallite size is also
calculated using Scherrer’s formula, as shown in eq 2.

kA

t= ———
p cos 60

)
where f3 is the full width peak at half-maximum (in radians) at
the observed peak angle 26, k is the crystallite shape factor
(and was considered as 0.94), and 4 is the wavelength of X-ray.
The comparison of Mg-substituted and Ni-substituted cobalt
ferrites is summarized in Table 1.

Table 1. XRD Comparison Table of CoFe,O, with Ni- and
Mg-Doped CoFe,0, NPs

peak lattice parameter  crystallite size
sample compositions position gA) (nm)
CoFe,0, 35.85 8.3846 48.08
Coy7sNig,sFe, 0, 35.72 8.3685 42.48
CoysNij sFe, O, 35.64 8.3421 29.47
Coy Mg sFe,0, 35.49 8.3367 30.56
Co, sNig,sMgj,sFe, 0, 35.43 8.3764 44.45

The average crystallite size is calculated to be 48.08 nm for
the undoped samples, and the crystallite sizes of the doped
samples have been calculated to give an average size of 29—49
nm by using the dominant peak (311). Ni-doped cobalt ferrites
have a minimum crystallite size of 29.47 nm for x = 0.5
concentration. Also, the lattice parameter varies from 8.3846 to
8.3367 A with its maximum and minimum values of 8.3846 A
for x = 0.5 Ni-doped and 8.3367 A for x = 0.5 Mg-doped,
respectively.

3.2. EDX Analysis. The energy-dispersive X-ray (EDX)
spectral analysis of the synthesized CoFe,O, and CoN-
iMgFe,0, is illustrated in Figure 4a,b, respectively. The ratio
of EDX peaks represents the expected elemental composition
of synthesized NPs. The synthesized product contains Co, Fe,
and O, as shown in Figure 4a, and Co, Ni, Mg, Fe, and O as
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well. Thus, it indicates that the achieved NPs do not contain
any other impurities.

3.3. FTIR Analysis. Fourier transform infrared (FTIR)
spectra are frequently used to investigate the structure of a
multicomponent system. Our synthesized samples’ FTIR
spectra were observed at room temperature (25—27 °C)
which supported the formation of the spinel structure and its
cationic distribution. The FTIR spectra of all the doped cobalt
ferrite NP samples, measured in the wave number range of
250—1000 cm™, are shown in Figure 5. The presence of two
typical peaks in the FTIR spectra of all the compositions
specifies the formation of the spinel phase in all samples.
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—— x=0.5 With Ni
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w— x=0.25 with Mg0.25 & Ni

Transmittance (%)

T T

— T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure S. FTIR spectra of cobalt-doped nanoferrites.

The intense peak at 419 cm™ is attributed to stretching
vibrations of octahedral site complexes (metal cation and
oxygen), whereas the peak at around 571 cm™ is attributed to
tetrahedral complexes.

3.4. SEM Analysis. The scanning electron microscopy
(SEM) images show the surface morphology of the synthesized
cobalt ferrite magnetic NPs which are shown in Figure 6.

The size of the NPs is roughly spherical (cubic) and
distributed throughout the sample. The average particle size
determined from SEM images is noted as 29—49 nm, which is
closer to the size determined from XRD data.
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In Figure 6b, Ni- and Mg-doped cobalt ferrite NPs
agglomerated due to less time of sonication that results in
poor particle separation moreover due to their magnetic
properties and the binding of primary particles held together
by weak surface interactions such as the van der Waals force.
Irregular morphology (with no regular particle shapes) and
agglomeration of the particles seem to be a signature of the gel
formation after heating the solution, which is also observed in
the calcined samples.

3.5. Antibacterial Activity. The disc diffusion method
was used to determine the activity of the prepared samples
(CoFe,04, Cog.75NigsFe 04, Cog sNig.sFe,04,
Cog Mg, sFe,0,, and CogsNij,sMgg,sFe,0,). All above-
mentioned samples were characterized against the Gram-
negative (P. aeruginosa and E. coli) and Gram-positive (S.
aureus) bacteria. The pathogenic bacteria were obtained from
the Atta-Ur-Rehman School of Applied Biosciences (ASAB),
National University of Science and Technology (NUST), H-
12, Islamabad. The bacterium was selected based on the
widespread infection that it caused when it was present in
contaminated water and spread throughout the community.
For instance, E. coli causes vomiting and diarrhea, while P.
aeruginosa, a very pathogenic microbe, causes whooping cough
in both children and adults. In the meantime, S. aureus has an
impact, is a contributing bacterium in boils, and complicates
wounds. Overnight-grown bacterial cultures were individually
lawn-cultured on nutrient agar plates. All samples of
concentration 2 mg/mL were prepared in sterile water and
dispensed by sonication. Sterile filter paper discs (1.0 mm)
were saturated by the undoped CoFe,O, and Mg- and Ni-
doped CoFe,0O, NP solution and placed above the culture and
incubated at 37 + 0.1 °C for 24 h after which the zone of
inhibition was recorded. The ceftriaxone (CRO) antibacterial
was used as a control. The same concentrations for bacterial
linear growth were examined, whereas each concentration was
individually set in Petri dishes. The schematic diagram is
shown in Figure 7.

The antibacterial test of cobalt-doped ferrite NPs against the
Gram-negative (P. aeruginosa and E. coli) and Gram-positive
(S. aureus) bacteria was carried out, as shown in Figure 8, and
Table 2 shows sample IDs for investigating antibacterial study.

The result shows that antibiotic ciprofloxacin was used as a
reference/standard to compare antibacterial activities. The

https://doi.org/10.1021/acsomega.2c05226
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Figure 8. Antibacterial study of cobalt-doped NPs against pathogens.

Table 2. Sample IDs for Investigating Antibacterial Study, as
Shown in Figure 8

sample IDs abbreviates

CRO standard S
CoFe,0, S1
Coyg75Nip sFe;, O, S2
Coy sNij sFe, O, S3
CogsMg, sFe, Oy S4
Coy sNig,sMgo,sFe, 0, S

synthesized compounds were dissolved in sterile water, and
each stock solution is 2 mg/mL in concentration. The seeded
plates were incubated at 37 °C for 24 h. The diameter of
inhibition zones was measured, and the percentage inhibition
of test compounds was related to the standard drug whose
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zone of inhibition was taken as 100%. The results of the
minimum inhibitory zone of the synthesized compounds
against bacterial species are determined, that is, the standard
has 8 mm zone, while the synthesized NPs showed different
results. The graphical representation of the activity is shown in
Figure 9. These results revealed that (CoFe,0,) NPs efficiently

B s-aureus
[ P-aeruginosa
I E-coli

- e N\ ® ©

QUOZ LONSRUN

Qs
o - N »

Figure 9. Graphical representations of the zone of inhibition (mm) of
all cobalt ferrites against S. aureus, E. coli, and P. aeruginosa.

inhibited the growth of the microbes, and CoFe,O, NPs
showed potential antimicrobial activity against P. aeruginosa, S.
aureus, and E. coli.

3.5.1. Inhibition Zone. The standard CRO zone was
investigated after 24 h incubation and was measured using a
micrometer of about 8 mm. In the case of P. aeruginosa,
CoFe,0, inhibition zone was around 5.6 mm which is close to
that of the standard. CoFe,O, doped with Ni (x = 0.25 and
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0.5) has 4.5 and 5.6 mm zones, respectively. Furthermore,
CoFe,0, doped with Mg (x = 0.5) has 5.5 mm zone, and
CoFe,0, doped with Mg and Ni (x = 0.25) has 6 mm zone
which shows that there is an increase in the inhibition zone. In
the case of E. coli, CoFe,0, doped with Ni (x = 0.25) and
codoped with Ni and Mg (x = 0.25) shows no response to
pathogens. On the other hand, the inhibition zone of undoped
CoFe,0, and that doped with Mg (x = 0.5) was measured at
about 4.5 mm, respectively. In the case of S. aureus, CoFe,0,
has an inhibition zone to the standard (CRO) of 5.6 mm and
CoFe,0, doped with Ni (x = 0.25 and 0.5) has 4.6 and 5.6
mm zones, respectively. Furthermore, CoFe,O, doped with
Mg (x = 0.5) has 5.4 mm zone, and CoFe,O, doped with Mg
and Ni (x = 0.25) has 6.5 mm zone which is closer to the
standard (CRO) and there is an increase in the inhibition
zone. Therefore, our final sample is active against S. aureus and
P. aeruginosa.

These results revealed that cobalt-doped ferrite NPs
efficiently inhibited the growth of the microbes. However,
the concentration of Mg has a minimum effect against E. coli.

4. CONCLUSIONS

Cobalt ferrite NPs doped with Ni and Mg have been
successfully synthesized by the sol—gel method that employs
CA as a capping agent. Metals doped with cobalt ferrite NPs
formed a cubic spinel structure and exhibit irregular
morphology with crystallite size varying from 29 to 49 nm.
The spinel structure of cobalt ferrite NPs is confirmed by FTIR
which shows the two main broad metal oxygen bands (419 and
571 cm™"). From SEM analysis, the particles are spherical, with
some clustering and agglomeration between the particles. The
EDX spectra show the presence of Co, Fe, and O in CoFe,0,
and Co, Ni, Mg, Fe, and O in Co,_Ni,Mg,Fe,0, as well. The
doping of Mg and Ni in cobalt ferrite NPs significantly
improved antibacterial activities against S. aureus and P.
aeruginosa. The antibacterial activity of Co,_NiMg Fe,O,
NPs against S. aureus is higher than that against P. aeruginosa
and E. coli. The bactericidal studies show that
Co,_,Ni,Mg Fe,0, can be a major part of biomedical sensing
drug delivery and kill cancer cells as an anticancer drug carrier.
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