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Abstract: Neodymium (Nd)-substituted cobalt ferrite nanoparticles (NPs), ie., CoNdyFe,_,O4
(0.0 £ x £0.2) NPs, were synthesized by the sonochemical method. The compositional characterization
was done by scanning electron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy
(EDX) and transmission electron microscopy (TEM). Antistaphylococcal activity was found to
be enhanced, i.e., survival rate was 50%, 45%, 40%, and 30% with the increase in the ratio of
Nd (0.0 £ x £ 0.2), whereas anticandidal activity was found efficient, i.e., 9%, 20%, 22%, and 40% survival
rate at all the four ratios. The morphogenesis studies indicated that the synthesized metal-ligand,
improves the antimicrobial capacity by binding them strongly to the microbial walls. To the best of our
knowledge, this is the first report which demonstrates the series of CoNdyFe,_,Oy4 (0.0 < x < 0.2) NPs
being active towards Staphylococcus aureus and Candida albicans and encourages its potential candidature
for pharmaceutical and biomedical purposes.

Keywords: neodymium; magnetic nanomaterials; spinel ferrites; antibacterial activity; yeast; bioactivity

1. Introduction

Antimicrobial resistance (AMR), within a vast array of infectious agents, is presently at an
alarming stage as a threat to public health around the globe. Foremost attention is being paid to a
problem that otherwise may threaten the accomplishments of modern medicine [1]. Penicillin and
tetracycline are the most popular and well-documented drugs that may either kill or inhibit the
growth of infectious agents [2]. However, the developing resistance of microbes to these and other
antimicrobials has led to extensive research to design novel materials [3]. Metal and metal oxide
nanoparticles (NPs) are one of the most attractive fields for superior and target specific activity against
the resistant microbes [4,5]. Among these, nanocrystalline ferrites have been extensively studied for
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nearly a decade owing to their rare structural, electrical, and magnetic properties. Ferrite NPs have
promising applications in numerous biomedical fields, such as magnetic hyperthermia, magnetically
guided drug delivery, magnetic resonance imaging, and as antimicrobials [6-8]. Antimicrobial activity
of such particles is attributed to the cation attraction of the microbial protein material, which gets
precipitated as an insoluble proteinate leading to cell death. Hg2+, Co?*, Cu?*, and Pb%* have
been reported to possess antimicrobial activities, but are simultaneously toxic to human cells, hence
not suitable for treating infectious diseases [9]. Nonetheless, a few strategies have been devised to
overcome such toxicity. One way is the utilization of a fine covering entity over these particles, and the
other is to prepare the metal complexes without a change in the activity they possess, making them
non-toxic. Successful reports on various biocompatible agents, such as citrate, dextrin, polystyrene,
gold, silver, and zinc, have been studied for biomedical and antimicrobial utilization [10-12]. Therefore,
the properties of ferrites can be enhanced by conjugated metallic ions in their structure, such as cobalt
and iron ions [13]. Interestingly, the substitution of spinel ferrites by rare earth elements (RE) has been
reported to modulate the magnetic behavior, coercivity, and grain size attractive for magneto—optical
applications [14]. Avazpour et al. [15] reported that cobalt ferrite substituted by rare earth, such as
neodymium and europium, tends to inhibit crystallite size (grain growth) between 11 and 31 nm and
enhance the coercivities (~2 kOe coercive field). The effect of cobalt ferrites substituted by neodymium
(Nd3*), samarium (Sm3*), and gadolinium (Gd®**) on magnetic, crystal size, and Curie temperature
were reported by Nikumbh et al. [16].

Cobalt ferrite has been an interesting field in the past few decades for its unique and controllable
characteristics and its potential use in biomedical applications, such as enhanced drug stability/solubility,
and reduced side effects [17-21], Amiri and Shokrollahi, 2013, Hathout et al., 2017. Metal combination
with cobalt ferrite could obtain new complex materials with improved bioactivity, and such experiments
on the antimicrobial aspect of ferrites have achieved success [22,23]. Copper and cobalt substituted
cobalt ferrite was reported to influence the microstructure of ferrite nanoparticles (40-50 nm) and
exhibit antibacterial activity [8,24,25], Sanpo et al., 2013, Samavati and Ismail, 2017, Maksoud et al.,
2019, Ashour et al., 2018. Staphylococcus aureus and Escherichia coli are two of the notorious and the most
clinically relevant bacteria known for developing resistance to many commonly used antimicrobials.
Infections caused by these antibiotic-resistant strains have attained an epidemic extent worldwide for
which the treatment has become a challenge [26,27]. Among the fungal pathogen, Candida albicans is
the most prevalent forms, possessing a biofilm-producing ability on both biological and other surfaces.
Additionally, pathogenicity mediated by biofilms on devices such as artificial prosthesis, dentures,
pacemakers, prosthetic joints, central venous catheter, intrauterine device, etc., display a calamitous
effect [12].

2. Materials and Methods

2.1. Synthesis of CoNdyFe;_,O4 (0.0 < x <0.2) NPs

The series of CoNdyFe;_,O4 (0.0 < x < 0.2) NPs were synthesized by the sonochemical approach.
Analytical grade cobalt nitrate (Co(NO3),#6H,0), iron nitrate (Fe(NO3)3;99H,0), and Neodymium(III)
nitrate hexahydrate (Nd(NO;3)306H,0) were chosen as source material for Co, Fe, and Nd, respectively.
An aqueous solution of starting precursors (Co, Fe, and Nd) in their stoichiometric ratio was prepared by
dissolving in deionized water. An aqueous solution of NaOH (3 M) was mixed with the above-prepared
nitrate solution by constant stirring using magnetic stirrer. Further, the mixed solution was exposed to
high-intensity ultrasonic irradiation (frequency: 20 kHz and power: 70 W) (Ultrasonic homogenizer
UZ SONOPULS HD 2070, Bandelin, Berlin, Germany) for 60 min. After 60 min of ultrasonic irradiation,
the reaction temperature was 90 °C. The prepared NPs were separated by a centrifuge process at
4000 rpm for 30 min. The obtained NPs were washed several times in deionized water for the complete
removal of sodium ions. Then, the obtained washed NPs were dried at 60 °C for 24 h [28].
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2.2. Instrumentation

Phase identification was executed by a Rigaku Benchtop Miniflex powder X-ray diffraction (XRD)
analyzer with Cu Ka radiation at room temperature (RT: 20-70 °C). The morphological, elemental, and
microstructural analyses of the products were analyzed by field emission scanning electron microscopy
(JSM-7610F, Tokyo, Japan) and (scanning) transmission electron microscopy (TEM/STEM, FEI Titan
G2, Hillsboro, OR, USA) equipped with energy-dispersive X-ray spectroscopy (EDX). The samples
analyzed by TEM were prepared by dropping particle dispersions onto carbon-coated Cu grids and
air-dried before mounting onto the microscope. Fourier-transform infrared spectra (FTIR, Bruker)
were recorded using a spectrometer over a range of 4000 to 400 cm~!. Further, the mixed solution was
exposed to high-intensity ultrasonic irradiation (frequency: 20 kHz and power: 70 W) (Ultrasonic
homogenizer UZ SONOPULS HD 2070).

2.3. Determination of Antibacterial and Anti-Yeast Activity

Preparation of Inoculum

Synthesized neodymium (Nd) cobalt NPs, i.e., CoNdyFe;_O4 (0.0 < x < 0.2), were subjected
to Gram-positive Staphylococcus aureus subsp. aureus Rosenbach (ATCC® 25923™), Gram-negative
bacteria Escherichia coli (ATCC® 35218™), and Candida albicans (ATCC® 14053) as yeast. The inoculum
was prepared by inoculating a freshly prepared single colony of bacteria and the yeast into Mueller
Hinton Broth (MHB) and Sabauraud Broth (SDB), respectively. The cultures were incubated for 18 h
at 37 £2 °C and 28 + 2 °C for 48 h, respectively. After incubation, washing of harvested culture was
done with phosphate-buffered saline (PBS), and the cell density of cell suspension was adjusted to
approximately 107 CFU/mL by diluting with sterile MHB/SDB, respectively.

2.4. Evaluation of Growth Pattern in the Presence of Nanomaterial

Several test concentrations of synthesized NPs were applied to cell cultures for the initial screening
study. After the initial screening, 1 mg/mL was selected for further studies. Briefly, sterile tubes
containing 1 mg/mL of NPs in sterile water were subjected to sonication for 25 min to avoid the
formation of NPs aggregates. Then, they were added to the suitable growth media of each organism.
To prevent bottom settlement and clumping of the NPs during incubation, the prepared cell suspension
with NPs were incubated in a rotary shaker at 150 rpm for 18 h at 37 + 2 °C, and 48 h at 28 + 2 °C for
bacteria and yeast, respectively. The growth of each organism was evaluated by measuring optical
density (OD) at 600 nm by spectrophotometer (UV-BT-610, Brite technologies INC., BC, Canada).
Control experiments were also run in parallel. A growth medium with nanomaterials was used as a
negative control, and culture medium without nanomaterials was taken as growth control. To evaluate
the growth pattern of the organism in the presence of test nanomaterial, the OD was recorded at every
3, 6, and 18 h for the bacteria, and 24 and 48 h for the yeast. The obtained values for OD of controls
were subtracted from the culture media with NPs [29].

2.5. Determination of Colony Forming Units

For evaluating the effectiveness of a test nanomaterial, it is important to determine the viable
microbial cell concentrations by counting colony-forming units (CFU), and number of live bacteria
in a sample after treating with the test materials. This was performed by plating them on a suitable
growth media. One hundred microliters of NPs-treated culture was spread aseptically onto a suitable
agar plate. After the incubation period was over, the number of colonies on a plate were counted.
Each colony counted was considered to have originated from a single viable microbial cell. The rate of
survival percentage of the organisms was determined by using the formula, S% = (A/B) x 100 (where,
A is the number of CFU in the medium treated with nanomaterial, and B is the number of CFU in
the control).
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2.6. Study of Morphogenesis of the Treated Microbes

The effect of synthesized NPs on the morphogenesis of treated microbial cells was further analyzed
by scanning electron microscopy (SEM). Precisely, 106 CFU/mL of S. aureus and C. albicans were subjected
to 1 mg/mL of NPs at 18 h at 37 + 2 °C and 28 + 2 °C at 48 h, respectively. As a note, E. coli was excluded
due to its minimum activity found at both broth and agar cultures. Treated cells were centrifuged and
washed three to four times with PBS. Two-point five percent glutaraldehyde was used for the primary
fixation and subsequent fixation with 1% osmium tetroxide. The fixation of samples was achieved by
washing and dehydration with varying concentrations of ethanol. The prepared samples were placed
on the stubs, left for drying using a desiccator, and finally coated with gold. Coated samples were
analyzed at an accelerating voltage of 20 kV by SEM [30,31].

3. Results and Discussion

3.1. Structural and Morphological Analysis along with EDX and Elemental Mapping

Figure 1 displays the X-ray powder pattern of CoNdyFe,_,O4 (0.0 < x < 0.2) NPs. All the
compositions exhibited the indexed peaks of Co spinel ferrite without the presence of any secondary
phase. This would afford the formation of pure, high-quality, and well substituted Nd>* into the
CoFepOy structure. Rietveld refinement is employed to estimate the lattice parameters and crystal size.
It was found that the lattice parameters “a” increased with the increasing Nd ratios. This is due to
the difference in the ionic radii between Fe®* (0.645 A) and Nd>* (0.98 A), which leads to enlarging
the lattice. In addition, it is noticed that the average crystallite size is in the range of 9 to 16 nm.
The FE-SEM (Field Emission Scanning Electron Microscopy) images of CoNdyFe,_,O4 (x = 0.0, 0.1,
and 0.2) NPs are presented in Figure 2A. The images show the aggregation of spherical particles with
uniform distribution. The TEM images of (i) CoFe;O4 (x = 0.0) and (ii) CoNdg.,Fe1 §O4 (x = 0.2) NPs are
presented in Figure 2B. Agglomeration of NPs was also observed, owing to the magnetic nature of the
product (Figure 2B). About 15 nm average particle size was estimated from these TEM images. The EDX
and elemental mapping of CoNdyFep_O4 (x = 0.0, 0.1 and 0.2) are recorded in Figure 3. The spectrum
revealed the quantification of consistent elements that occurred in CoNdyFe2_cO4 (x = 0.0, 0.1, and 0.2).
The results confirmed that the sonochemical approach is the best, easy, and cost-effective technique for
achieving homogenies (pure) spinel ferrites.

ik

60

26 (deg.)

Figure 1. XRD powder patterns of CoNdyFep_,O4 (0.0 < x < 0.2) nanoparticles (NPs).
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B)

Figure 2. (A) FE-SEM of CoNdyFe;_4O4 (0.0 < x <0.2) NPs; (B) TEM images of (i) CoFe;O4 (x = 0.0),
(ii) CoNdO‘zFe1‘804 (X = 02) NPs.

In the present study, the antibacterial and anticandidal efficacy of CoNdxFe;_O4 (0.0 < x <0.2)
was determined using both broth and agar-based growth cultures. The nanomaterials were treated at a
concentration of 1 mg/mL. The OD and examination of the viable count of the bacteria and yeast in the
inoculated media were investigated as the activity of the content of Nd. After determining the OD of
S. aureus and E. coli for 3, 6, and 18 h incubation, and C. albicans for 24 and 48 h, it was observed that
the growth of S. aureus was reduced with sample x = 0.15 and x = 0.2 as compared to sample x = 0.0
and x = 0.1, while E. coli was found to have growth pattern similar to control (untreated E. coli) with
only a slight variation with x = 0.0. However, C. albicans growth was found to inhibited by all the four
ratios with profound inhibition when treated with the least Nd, i.e., x = 0.0 and x = 0.1 (Figure 4).
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Figure 3. EDX spectra of CoNdyFep_O4 (0.0 < x < 0.2) NPs.



Processes 2019, 7, 714 7 of 13

S. aureus E.coli

3 m3hrs m6hrs W 18hrs m3hrs m6hrs m 18hrs

25 ?: I d; z

, mil NN _HE _NN _ , I« o I B

Control x=0.00 x=0.1 x=0.15 x=0.2 ——_— %=0.00 0.1 x0.15 0.2

Synthesized NPs Synthesized NPs

C.albicans

I

=Y

01 I
00s ﬁ
0
control x=0.00 x=0.1 x=0.15 x=0.2

Synthesized NPs
B 24hrs ® 48hrs

Figure 4. Growth pattern of microbes treated with 1 mg/mL of CoNdyFe;_,O4 (0.0 < x < 0.2) NPs at
different time intervals, control; untreated cells.

The survival rate of test organisms was calculated as per the formula mentioned above and was
expressed in percentage. Colonies of S. aureus and E. coli were counted after 18 h of incubation, and
C. albicans after 48 h. The viable cell count of the test organisms demonstrated that the number of
viable S. aureus and C. albicans was rationally less than the control (Figure 5A). All the four ratios
had a profound effect on the survival of S. aureus in both experiments, with the least survival rate of
50%, 45%, 40%, and 30% found with the increased ratio of Nd in the x = 0.0, x = 0.1, x = 0.15, and
x = 0.2, respectively. E. coli was found to have a negligible effect of all the four ratios, with only x = 0.0
having 90% survival. However, extraordinary activity was seen with profound inhibition in the growth
of C. albicans having 9%, 20%, 22%, and 40% survival at the given concentration of all four ratios,
respectively, with a slightly better inhibition with x = 0.0 and x = 0.1 (Figure 5B).

Recently, a study by Ashour et al. [25] demonstrated that metal substituted cobalt ferrite NPs,
such as copper—cobalt ferrite, zinc—cobalt ferrite, and manganese—cobalt ferrite, inhibit the growth of
bacteria and yeast. However, to the best of our knowledge, this is the first report of Nd substituted
cobalt NPs with broad-spectrum antimicrobial activity against gram-positive/negative bacterium and
yeast. It was found in our study that, as the dopant content, i.e., when Nd increases from 0.0 to 0.2,
the anti-gram-positive bacterium activity of NPs was also increased, although anti-gram-negative
bacterium activity was found negligible which is in agreement with the studies conducted by
Ashour et al., 2018. It is of paramount importance to mention that antibacterial studies conducted by
Ishagq et al. [32] using nickel ferrite NPs also found no activity against E. coli and showed activity only
against S. aureus. This specificity of action could be attributed to the difference in the cell wall thickness
and the amount of lipopolysaccharide content among gram-positive and gram-negative bacteria [33].
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Figure 5. (A) Culture plates and (B) Survival rate (%), of treated microbes with 1 mg/mL of CoNdyFey_,O4
(0.0 < x £0.2) NPs, Control; untreated cells.

The present study also demonstrated that the anticandidal activity of synthesized NPs was extra
ordinary. However, with the increase in the content of Nd, a slight decline in the anticandidal activity
was observed. Further, we observed that the NPs inhibit microbial growth in a size-dependent manner
indicating small size NPs exhibit strong anticandidal activity, and increased Nd inhibit bacterial growth.

The absence of growth in the presence of NPs is an indirect detection of the ability of the NPs to
kill or inhibit the growth. The activity could be due to the small size and the surface area of the particles.
An increase in surface area increases the number of atoms on the surface, which leads to an increase in
the biological activity. It is suggested that the NPs exhibit particle size-dependent antimicrobial activity.
The reduced size permits the particles to penetrate the cell wall of the microbial cells, rupturing the
cytoplasmic membrane, which leads to cell death. Additionally, the dispersion of NPs in aqueous
solution is also an important aspect of the antimicrobial action, which increases with a decrease in
particle size [34-37]. As a result, the enhanced activity of the nanomaterial with increasing Nd content
could possibly be due to the surface to volume ratio, offering better contact with the bacterial cell.

3.2. Determination of Morphogenesis of Treated Cells

The morphogenesis caused by CoNdyFe;_,O4 (0.0 < x <0.2) on S. aureus cells and C. albicans were
also studied by scanning electron microscopy (SEM) analysis. The control (i.e., untreated) S. aureus cells
were a normal spherical shape with a smooth cell surface. Treated S. aureus with x = 0.0 and x = 0.1 NPs
showed significant damage, however, when treated with x = 0.15 and x = 0.2, the S. aureus cells were
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found not only severely damaged but also with a significant reduction in number. The non-intact cells
were found to have distorted and deformed cell walls and cytoplasmic membranes, which indicates
loss of membrane integrity and hence, a potential cause of cell death (Figure 6A).

Similarly, the untreated C. albicans cells were normal in morphology with smooth cell walls and
membranes, while as all the four ratios of Nd, NPs had a devastating effect on the C. albicans cell
morphogenesis. When treated with x = 0.0 and x = 0.1 NPs, the count of C. albicans cells dramatically
decreased, and the critically affected cells were no longer intact, which may ultimately cause cell death
(Figure 6B).

As evident from the SEM micrographs, significant damage to S. aureus and C. albicans cells were
observed. The NP treatment of the cells may cause membrane damage due to NPs adsorption and
penetration into the cell. Studies suggest that the primary mode of action is the loss of membrane
integrity due to adsorption. Adsorption of NPs also causes the cell wall to depolarize, which alters the
negative charge of the cell surface to become more permeable [33]. It has been reported the dual-action
may take place, and the cell wall is damaged, leading to penetration of NPs [38]. Alternately, reactive
oxygen species (ROS) are produced that prevent DNA replication. The production of ROS may
play a part in the primary step, as well [39]. Recently, it was reported by Scheres and Krom 2016,
that C. albicans and S. aureus can coexist in polymicrobial biofilms, which may cause more severe
and widespread infection than either of them alone. Hence, the obtained results of CoNdxFe,_ Oy
(0.0 £ x £0.2) NPs in our study offer a possible solution to such co-existing infectious agents [40].

A) S. aureus

Figure 6. Cont.
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B) C. aIbcans

Control

Figure 6. (A) SEM images for the morphogenesis of treated S. aureus with 1 mg/mL of CoNdxFe;_,O4
(0.0 < x £0.2) NPs; (B) SEM images for the morphogenesis of treated C. albicans with 1 mg/mL of
CoNdyFe;_,Oy4 (0.0 < x <0.2) NPs.

4. Conclusions

Sonochemical synthesis of Nd substituted cobalt ferrite nanoparticles, i.e., CoNdyFe;_,Oy4
(0.0 £x <£0.2) NPs, has been successfully achieved in the present study. Furthermore, with a focus
on the applied part of synthesized nanomaterials, the antibacterial and anticandidal efficacy was
tested against S. aureus, E. coli, and C. albicans. The obtained results showed an enhancement in the
bactericidal activity with the addition of Nd into cobalt ferrite, unlike anticandidal activity, which
was profound with all the four ratios. The enhanced activity is attributed to the varying ratios of
Nd, which in turn offered an increase in the ratio of surface to volume of nanoparticles resulting in
improved interaction with the microbes. Therefore, the Nd substituted cobalt ferrite nanoparticles
having good magnetic and antimicrobial activities, which hold great potential in pharmaceutical and
biomedical applications.
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