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ABSTRACT. The high incidence of infectious disease and increase in the incidence of antibiotic resistance has
led to the exploitation of inorganic nanoparticles as novel antimicrobial agents owing to their unique physical and
chemical properties. This study reports the synthesis and antibacterial activity of magnesium ferrite (MgFe;O4)
and cobalt doped magnesium ferrite (Cog sMgo.Fe,04) spinel nanoparticles (NPs). The NPs were synthesized using
the low temperature combustion synthesis. X-ray diffraction (XRD), scanning electron microscope (SEM) and
energy dispersive absorption spectroscopy (EDAX) were used to characterize the synthesized NPs. The
synthesized NPs exhibited good antibacterial properties against Pseudomonas aeruginosa, Escherichia coli,
Staphylococcus aureus and Serratia marcescens. None of the nanoparticles induced any microbial inhibition
against Micrococcus varians, Aspergillus flavus, Bacillus substilis and Candida. albicans. CopsMgo,Fe,04 NPs
gave better antibacterial activity with a zone of inhibition of >20 mm against Staphylococcus aureus and
Escherichia coli compared to MgFe,O, NPs. The minimum inhibitory concentration of CoysMgy,Fe,Os NPs
against Escherichia coli and Staphylococcus aureus was 2500 pg/mL and 1250 pg/mL, respectively. The
relatively high antibacterial effect exhibited by CoosMgo>Fe,O4 nanoparticles on Escherichia coli and
Staphylococcus aureus suggests its potentials in the treatment of infections commonly associated with these
microorganisms.
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INTRODUCTION

Despite intensive research efforts on chemotherapeutic antimicrobial agents over the last few
decades, the incidence of infectious disease, antibiotic resistance and the associated morbidity
and mortality still remains high [1, 2]. Naturally, this has led to the search for new antimicrobial
agents. In the past decade, nanobiotechnology has attracted a lot of attention because of its
therapeutic potentials in various biomedical applications. This therapeutic potentials of
nanoparticles in biomedical applications stems from their unique physical and chemical
properties such as nanometer size, greater surface area to volume ratio, greater bioavailability,
ability to interact on cell surface and cross cell membrane. These are the properties that are
being exploited in nanobiotechnology to offset the inherent limitations associated with
conventional/traditional therapeutic and diagnostic agents [3].

Several inorganic nanoparticles have been exploited and investigated as potential
antimicrobial agents with well documented antimicrobial activity. From ancient times, inorganic
silver salts have been effectively used as antimicrobials. The recalcitrant issue of antibiotic
resistance microorganisms has elicited research in exploiting silver nanoparticles as a more
effective antimicrobial agent [4-6]. The antimicrobial potentials of silver nanoparticles have led
to the surge in studies and exploitation of other inorganic NPs as antimicrobial agents. Different
reports have recorded considerable antibacterial activity for many metal oxide NPs such as CuO,
MgO, ZnO, TiO,, etc. [7-10]. These metal oxides exhibit metallic, insulator and semiconductor
properties. The semiconductors are further classified into i-, n- and p-types. While the n-types
are electron excess semiconductor with free electrons as charge carriers the p-types are electron
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deficient with a cation deficient oxide. It is these electronic structural features that confer
characteristic chemical and physical properties to these metal oxide NPs by which they interact
with biological systems [11, 12]. Also, although transition metal oxides like the spinel ferrites
have typically been exploited as technological materials; their biomedical applications have
being attracting lots of attention recently. The very promising potentials of spinel ferrites, like
other magnetic nanoparticles, in biomedical applications are due to their biocompatibility, ease
of synthesis, ability to be manipulated by a magnet, low cost and their chemical and thermal
stability [13].

Spinel ferrites are metal oxides with the common formula MFe,O, (where M can be a
divalent metal, e.g. Ni, Zn, Mn, Co, Mg, Cu, etc.). The interests in spinel ferrites are because of
their well-documented electronic, magnetic and optical properties. Amongst the spinel ferrite
families, magnesium ferrite (MgFe,0,) is a soft magnetic n-type semi-conducting material
which finds applications in the fields of heterogeneous catalysis, adsorption, sensors and
magnetic technologies [14]. Magnesium ferrite is one of the most important ferrites with a lower
magnetic property compared to most other spinel ferrites. However, there is paucity of literature
using such magnetic nanoparticles for biological and medical purposes. There are some reports
on the antimicrobial activity of many spinel ferrites [15, 16] which has being eliciting much
interest for their antimicrobial potentials since their other biomedical applications were brought
to fore. Magnesium ferrites nanoparticles have been used as potential anti-cancer agents and are
used in many biological applications [17] but their antibacterial property has not been reported.
Also, there are reports that transition metal doping of spinel ferrites can enhance their
antibacterial property [18, 19]. Therefore, the objective of this study is to synthesize and
evaluate the antibacterial activity of magnesium ferrite (MgFe,0,) and cobalt doped magnesium
ferrite (CoysMgy ,Fe,0,) spinel nanoparticles.

EXPERIMENTAL
Materials

All chemical reagents - Mg(NOs),.6H,0, Co(NOs),.6H,0, Fe(NO;);.9H,0, glycine (C,HsNO,),
urea (CH4N,O) and ammonium acetate (CH;COONH,) were of analytical grade and used as
received without further purification.

Synthesis

Nanoparticles of MgFe,O, and Co,sMgj,Fe,0O, ferrite were synthesized using the low
temperature combustion synthesis technique following the methods in [14] and [20],
respectively. In a typical synthesis procedure, stoichiometric amounts of the appropriate metal
nitrates and fuel were dissolved in about 20 mL of distilled water in a glass beaker which was
heated to 80 °C to form a viscous gel with magnetic stirring. The beaker was transferred to a hot
plate pre-heated to about 300 °C. The possible combustion reaction, under equilibrium
condition, for the synthesis of MgFe,O, and CoysMg,,Fe,O, nanoferrites can be expressed by
Egs. 1 and 2, respectively.

Mg(NO3),.6H,0(s) + 2Fe(NO;);.9H,0(s) + 4.44CH,NH,COOH(s) + (9.99 — 10)0,(g) —
MgFe,0,(s) + 8.88C0x(g) 1 + (4 + 2.22)Ny(g) 1+ (24 + 11 .)H,0(g) 1 (1)

0.8Co(NOs),.6H,0(s) + 0.2Mg(NOs),.6H,0(s) + 2Fe(NO;);.9H,0(s) + 4.44C,HsNO,(s) +
(9.99 — 10)0, — CoysMgj,Fe,04(s) + 8.88C0O4(g) T+ (24 + 11.1)H,0(g) 1 + (4 + 2.22)N,(g)1

@
The resulting auto-combusted products which were sintered for 2 h were investigated for their
antibacterial activity against multidrug resistant organisms.
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Characterisation of synthesised ferrite nanoparticles

XRD was used to identify the structure and phase of the nanoparticles. The X-ray
diffractograms of the annealed powders were recorded at room temperature using a D8 Advance
Bruker diffractometer with Cu-Ko radiation source at A = 0.15406 nm in the 26 scan range
between 10° and 80° at 40 kV and 40 mA with a scan step of 0.02°. The X-ray line broadening
diffraction peak (311) was employed to calculate the mean crystallite size (D) of the NPs using
the well-known Debye—Scherrer relation:

092
PCosO

where [ is equal to the spectral breadth of the line broadening of the (311) peak measured at
half of the height of the peak, 0 is the Bragg angle and A is the radiation wavelength of X-ray
used. The surface morphological images and elemental composition of the synthesized NPs
were obtained using SEM Ametek model XL30 Lab 6.

Antimicrobial study

The bacterial cultures of Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa,
Serratia marcescens, Micrococcus varians, Bacillus substilis and fungal strains of Candida
albicans and Aspergillus flavus were obtained from the Department of Biological Sciences,
Applied Biology and Biotechnology Unit, Covenant University, Nigeria. The modified
antimicrobial test procedure [21] was followed. The bacteria were cultured in nutrient broth and
were allowed to grow in an incubator at 37 °C for 24 h and used for further experiments. The
fungi were maintained in slants of SDA. Microbial suspensions of 0.5% McFarland standard
obtained from bacterial cultures developed on solid media were used. The nanoparticles were
suspended in dimethyl sulfoxide (DMSO) to prepare a stock solution of 20mg/mL
concentration. Gingasu et al. [22] have shown that DMSO does not show any activity against
the test organisms except for Escherichia coli where partial inhibition of its growth was
recorded. Agar well diffusion method was used for the antibacterial activity determination. The
agar plates were inoculated in an overnight culture of each bacteria isolate in sterile petri-dishes.
Holes were drilled in the agar layer of each plate using a 9 mm diameter standard sterile cork-
borer. Equal volumes of the ferrite compounds (NPs) were introduced in the holes using a
micropipette and allowed to diffuse for one hour at room temperature. Gentamicin and
Tioconazole were used as reference drugs for bacteria and fungi, respectively, at the
concentration of10 pg/mL. The plates were incubated at 37 °C for 24 h for the bacteria, the
plates for fungi were incubated at 25 °C for 3 days. Since CoysMg,,Fe,O, nanoparticles showed
very high inhibitory potentials against the growth of Staphylococcus aureus and Escherichia
coli, the minimum inhibitory concentration (MIC) of the nanoparticle was carried out. Two-fold
serial dilutions of the test compound were made to obtain the concentrations of 5000, 2500,
1250, 625 and 312.5 ug/mL. With a micropipette, 0.1 mL of the standard inoculums of the
micro-organisms in the normal saline was then inoculated into different concentration in the test
tubes and the test tubes were incubated at 37 °C for 24 hours. The minimum inhibitory
concentration was observed and the values were recorded.

RESULTS AND DISCUSSION
Phase analysis

The XRD patterns of the annealed samples of MgFe,04 and CoysMg, ,Fe,O4 powders are shown
in Figure 1. The XRD lines are presented with Miller indices. All the diffraction peaks confirms
the formation of MgFe,0, (space group Fd3m, JCPDS card no. 73-1720) and Co,sMg,,Fe,0,
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cubic spinel structure (space group Pn3m, JCPDS card no. 5-667). The diffractogram of the
samples exhibited intense peaks which indicated that the samples had high crystallinity. It can
be seen that the 111 reflection is missing in the spectra of MgFe,O, This might be due to the
absence of Co”" ion in MgFe,O, sample but present in both the tetrahedral and octahedral sites
of CoysMg,Fe,0y spinel. It is well known that Co* has a much higher scattering factor than
the Mg®". The formation of MgFe,0, and Co,sMg,,Fe,0, spinel ferrites is confirmed by the
XRD patterns. The crystallite sizes of the samples were found to be 55 nm and 53 nm for
MgFe,0, and CoysMg, ,Fe,0, spinel ferrites, respectively.
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Figure 1. X-ray diffraction patterns of spinel ferrites (a) MgFe,O, and (b) CopsMg,Fe,0,.
Morphological and chemical composition analysis

To study the microstructure of the samples, the SEM images of MgFe,04 and Co,sMg,,Fe,0,
powders were obtained and are shown in Figure 2. The samples showed the formation of
multigrain agglomerates which consists of very fine crystallites since they show tendency to
form agglomerates [23]. Magnetic nanoparticles are known to form agglomerates not only
because of their inherent magnetic properties but because of their high surface energy hence
they tend to agglomerate to diminish this energy. The particles had a pseudo-spherical shape.
There was more uniformity in the crystalline nanoparticles of CoysMg,,Fe,O4 than MgFe,0,
nanoparticles.
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Figure 2. SEM images of spinel ferrites (a) MgFe,0, and (b) CopsMg,,Fe,0,.
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My

Figure 3. EDAX spectra of spinel ferrites (a) MgFe,0,4 and (b) Co, Mg, ,Fe,0,.

The EDAX analysis was used to investigate the chemical composition of the nanoparticles
and it is shown in Figure 3. The results show that the nanoparticles did not contain any impurity
elements and the compositional molar ratio of Mg to Fe in MgFe,0, and Co and Mg to Fe was
close to 0.5.

Antimicrobial studies

Reports on the antimicrobial activity of MgFe,0, and Co, sMg,,Fe,O, nanoparticle are scarce in
literature. In this work, the antimicrobial activities of the synthesized nanoparticles were tested
against gram-positive and gram-negative bacteria and also against fungi strains. The
antimicrobial effects of the nanoparticles were qualitatively measured by performing agar
diffusion test against all the test microorganisms. The results of zones of inhibition are given in
Figure 4 and the zones of inhibition are shown in Table 1. The absence of microbial growth
around the nanoparticles is an indirect measure of the ability of the nanoparticle to inhibit the
growth [24]. The results reveal that the nanoparticles showed activity against some of the
bacteria strains but gave no activity against the fungal strain. MgFe,0, nanoparticles showed
antibacterial effect against S. auwreus, E. coli, P. aeruginosa and S. marcescens while
Co,sMgj,Fe,0, nanoparticle showed antibacterial effect against S. aureus, E. coli and S.
marcescens. None of the nanoparticles induced any microbial inhibition against M. varians, A.
flavus, B. substilis and C. albicans. It is well known that the antibacterial activities of
nanoparticles depend on their physicochemical properties and type of bacteria [25].
Co,sMgj,Fe,0, nanoparticles gave higher bactericidal activity against gram-positive cocci (S.
aureus) and gram-negative bacteria (E. coli) compared to MgFe,0, nanoparticles with zones of
inhibition > 20 mm. The zones of inhibition recorded for these bacteria strains (S. aureus and E.
coli) by CoygMg,,Fe,0, nanoparticles were higher than the zone of inhibition for the standard
antibiotic (gentamycin) used and also the zone of inhibition found in literature for these
organisms by other nanoparticle based antibiotics [22,24,26]. S. aureus and E. coli are a major
cause of various humans and animals infections [27]. These results show that CoysMg,,Fe,O,
nanoparticles can find application as antibiotics against these microbes. The mechanism of
nanoparticles in their bactericidal activity is still speculative and not fully understood [28].
Multiple mechanisms of the antibacterial action of nanoparticles have been proposed. Aside the
large surface area to volume ratio of nanoparticles which results in better contact with bacterial
cell; antibacterial action is generated by the induction of oxidative stress by free radical
formation [25].
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The MIC of CoysMg,,Fe,0, nanoparticles at varying concentrations against S. aureus and
E. coli was determined and the results are presented in Table 2. The results show a dose
dependent bactericidal activity of the Co,sMg,Fe,O, nanoparticles. CoygMgy,Fe,0O4 NPs
showed MIC values at 2500 pg/mL and 1250 png/mL against E. coli and S. aureus, respectively.
This result indicates that Co,sMgj,Fe,O, nanoparticles have a better bactericidal effect (with a

factor of two) against S. aureus compared to E. coli.

Table 1. Susceptibility test of MgFe,O4 and CogsMgo ,Fe,O4 nanoparticles.

Test organism Zone of inhibition (mm)
MgFe204 COo_sMgo_zFezo4 GENT TIOC

Staphylococcus aureus 15 23 18 -
Escherichia coli 17 25 18 -
Pseudomonas aeuruginosa 12 0 0 -
Bacillus substilis 0 0 20 -
Serratia marcescens 16 11 0 -
Micrococcus varians 0 0 20 -
Aspergillus flavus 0 0 - 13
Candida albicans 0 0 - 15

— Nil; GENT — Gentamycin; TIOC — Tioconazole; 0 — No inhibition. Assays run @ 20 mg/mL; controls @ 10
pg/mL.

Figure 4. Petri-dishes showing the antimicrobial activity of sample A (MgFe,0,) and sample B
(CopsMg,Fe,0,4) against multidrug resistant microorganisms. (a) Candida albicans,
(b) Aspergillus spp., (c) Micrococcus varians, (d) Serratia marcescens, (€)
Pseudomonas aeruginosa, (f) Staphylococcus aureus, (g) Escherichia coli and (f)
Bacillus spp.

Table 2. MIC of CogsMgo,Fe,O4 nanoparticle.

CoosMgo2Fe;04 NPs (ng/ml) Test organism
E. coli S. aureus
5000 - -
2500 ol -
1250 + o’
625 ++ +
312.5 +++ ++

O" - MIC value; - - No growth; + - Light growth; ++ - Moderate growth;
Bull. Chem. Soc. Ethiop. 2018, 32(3)
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CONCLUSION

The MgFe,0, and Co,3Mg,Fe,O, spinel nanoparticles were synthesized using the low
temperature combustion synthesis. The annealed samples were characterized by various
techniques. XRD analysis confirmed the formation of MgFe,O, and Co,sMg,,Fe,O, with cubic
spinel structure (Fd-3m (227) space group) characteristic of these compounds. The SEM
analysis showed the formation of multigrain agglomerates consisting of very fine crystallites.
The samples were found not to contain any impure element and the composition was close to the
nominal values. The efficacies of the bactericidal effect of these nanoparticles against a broad
spectrum of bacterial strains have been reported. CoysMg,,Fe,0O4 nanoparticles demonstrated
very high antibacterial activity against gram-positive cocci (S. aureus) and gram-negative
bacteria (E. coli). It is recommended that further studies have to be carried out to determine the
cytotoxicity and mechanism of action of CoygMg,,Fe,0, nanoparticles on S. aureus and E. coli.
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