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In this study, MnFe,04 nanoparticles (NPs) were fabricated via pulsed laser ablation in liquid. Chemical and
structural composition, microstructure, magnetic and antibacterial properties were characterized. Spinel was
found as the main crystalline phase, while Fe30O3 and MnyO3 were observed as the major secondary phases, all
identified by X-ray diffractometry (XRD). Observation by Transmission Electron Microscopy (TEM) indicated
that most of the nanoparticles were spherical in shape and found in agglomerates, most likely because of their
magnetic nature. Moreover, Fast Fourier Transform of selective area electron diffraction patterns pointed at the

existence of crystalline particles. The coercive field (H,) and saturation magnetization (M;) values determined for
these NPs were found to increase with decreasing temperature. Their antibacterial properties were evaluated
using the viable bacteria counting technique (colony) for MnFe»O4 concentrations of 100 and 300 pg/mL with
Bacillus subtilis, Salmonella typhimurium, Pseudomonas aeruginosa, Klebsiella pneumoniae and Escherichia coli strains.

1. Introduction

Interest in nanoparticles has been on the rise for the last several
decades because of their unique physical properties and their potential
applications in the optics and electronic engineering and biomedical
areas, among others [1]. Particular attention has been given to
nano-sized spinel ferrites because of their attractive properties and
excellent photostability, high quantum yield and high surface/volume
ratio [2]. They are thus relevant for applications in rechargeable lithium
batteries [3], chemical and biological sensors [3], catalysis [4], micro-
wave absorbers [5], high-density data storage and magnetic media [6],
gas sensors [7], nano-antibiotic therapy [8], imaging and medical ap-
plications [9], capping agents to deliver payloads (fertilizers, agro-
chemicals) into a specific location of fruit trees or high-input crops [6,
10], non-invasive cell tracking [11], labelling, stimulating stem cells
[12], ferro-fluids [13], monitoring in-vitro/in-vivo behavior [14,15],
and cancer diagnosis [16].

Iron based spinel ferrites are represented by the formula MFe;04 (M
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= Ni, Mn, Zn, Co, Cu, Mg, Cd) and exhibit a face-centered cubic structure
with a space group Fd3m. In the general crystallographic representation
of the spinel structure, the oxygen anions distribute in a cubic close-
packed array in which M2" and Fe3" cations locate in tetrahedral and
octahedral lattice sites. The cubic unit cell is constituted by 56 atoms,
including 32 oxygen anions situated in the cubic close-packed structure
and 24 cations occupying 8 of the 64 convenient tetrahedral M sites and
16 of the 32 available octahedral Fe sites. According to the position of
the cations, the structure is described as normal or inverse spinel [17].

Recently, the microorganism resistance to antibiotic treatments has
become a reason for concern, because of potential harmful effects on
human health. For example, increasing formation of genes with higher
resistance to antibiotics has in recent years been observed in definite
bacteria contacting with humans and animals [18]. It has been reported
that the immunity of certain microorganisms against any pathogen is
due to indiscriminate use of antibiotics and is even more serious when it
causes side effects reflecting increased bacterial resistance to many an-
tibiotics [19].
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Fig. 1. (a) Aspect of the cross-section of the target sample after laser furnace treatment. (b) FESEM image of the as-solidified Laser Furnace (LF) sample surface.

Given the necessity to find new options for the control of bacterial
and fungal spreads in uncontrolled environments, very limited studies
have been reported using concepts related to the interaction of nano-
structured materials and microorganisms and examining the possible
effects of such contacts [20-23].

In recent years and because of their potential for very broad tech-
nological applications, many studies have been performed on the pro-
duction of spinel ferrite nanoparticles. For synthesizing spinel ferrite
powders at the nanoscale, very common techniques such as sol-gel co-
precipitation [24], hydrothermal [25,26], template-assisted sol-gel
[27], in situ catalytic decomposition of benzene over nanoparticles
methods [28] have been explored and reported.

All these techniques generally pose several disadvantages. These
include the presence of very large particles and non-uniform size dis-
tribution, containing impurities that prevent further improvement in the
performance of the products [29]. The development of new spinel fer-
rites synthesis methods which provide lower environmental and health
hazards and avoid the use of solvents and expensive precursor materials
is therefore of current interest.

The Laser Zone Melting (LZM) method [30-34] can be used as a
densification process for most metal oxides at high solidification rates. It
was thus chosen for this study to produce dense MnFe»O4 pellets at high
speeds. These were subsequently used as targets to fabricate nano-
particles by a pulsed laser ablation method in liquid. In this context, the
purpose of the present study is to evaluate the physical and magnetic
properties of the laser produced MnFe;O4 nanoparticles using XRD,
SEM, TEM, and magnetometry. In addition, their antibacterial activity
was studied using Salmonella typhimurium (S. typhimurium), Pseudo-
monas aeruginosa (P. aeruginosa), Bacillus subtilis (B. subtilis),
Escherichia coli (E. coli) and Klebsiella pneumoniae (K. pneumoniae)
strains.

2. Experimental procedures
2.1. Fabrication of the MnFe;04 target

To fabricate the manganese ferrite spinel (MnFe;04) target sample,
stoichiometric amounts of MnO (Sigma-Aldrich, 99.8%, d < 10 pm) and
Fe;03 (IROX-00T-500, 95-98%, H20 solubility <1% Phosphate (PO4)
<0.3%, Manganese (Mn) < 0.25%, Sulfates (SO4) <0.5%, d < 1 pm)
were weighted and ball milled 30 min at 300 rpm in distilled water. By
heating with infrared lamps, the water was evaporated from the
resulting slurries. After drying, the resulting powders were manually
milled and then pressed into a pellet with a thickness of 3 mm and a
diameter of 20 mm.

A Laser Zone Melting (LZM) process was performed using a Laser
Furnace (LF) apparatus [35]. Laser treatment was performed with the
sample inside a 4 m-long roller furnace (Nanetti, model ER) using a
transverse rate of 1500 mm/h. The sample temperature passed through
a hot zone with a maximum furnace temperature of 1000 °C. A 350 W
CO4, laser system (Rofin-Sinar Slab-type, UK) operating in pulsed mode
with a 20 kHz repetition frequency and a 50 ps pulse duration was
employed as source emitting under a 40% duty cycle. The laser beam
scanned the sample surface at 15875 mm/s. This configuration trans-
forms the circular cross-section of the beam (0.8 mm in diameter) into a
70 mm long line, while the sample is moved in the perpendicular di-
rection with a 544 lines/mm filling factor.

Fig. 1 shows the aspect of the cross section and the surface of the
target sample. During the laser process, temperatures higher than
1500 °C were reached at the sample surface. This indicates that MnO
and FepO3 grains have undergone either through a melting, followed by
directional solidification, particularly near the irradiated surface, or
through a liquid-phase sintering process [36-38]. The cross-section
presented in Fig. 1(a) confirms that the laser treatment was able to
generate a layer of dense, resolidified material with a thickness ranging
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Fig. 2. XRD patterns obtained (a) on the bulk Laser Furnace MnFe,O, spinel target and (b) on representative nanoparticles obtained by pulsed laser ablation in

liquid, as described in the text.



S. Ozcelik et al.

between 60 and 120 pm. EDS analysis within this region suggests an
Fe/Mn at% composition ratio of ca. 2.05, consistent with the formation
of the spinel compound. Below this outer layer, the laser output energy
was not sufficient to obtain a uniform liquid phase. Fig. 1(b) shows the
aspect of the surface where the resolidified MnFe;04 grains exhibit a
laminar microstructure and seem to appear within a dense solidified
liquid matrix. In fact, their microstructure suggests a growth component
out of the solidification plane, in line with a significant contribution
from cooling rates at the sample’s surface, as compared to those imposed
by the sample transverse rate in the orthogonal direction of forced so-
lidification [30,34]. XRD pattern of the surface target has been
measured with a “PANalytical Model: EMPYREAN” diffractometer by
using CuKa radiation in the range 260 = 10-70°. Results presented on
Fig. 2 (a), conforming, as it is going to be explained in section 3.1, that a
crystalline MnFe,O4 phase is formed during the LZM process, with a
preferential orientation that is reflected with the high intensity of the
line associated with the (400) plane.

2.2. Fabrication and characterization of MnFe204 nanoparticles

MnFe,04 nanoparticles have been produced using a pulsed laser
ablation in liquid (distilled water) technique described in a previous
study with a 800 ps n-IR pulsed laser (Rofin-Sinar) [39]. X-ray diffrac-
tion patterns have been measured with the same equipment used to
characterize the target. Size distribution and electron diffraction pat-
terns of the laser synthesized nanoparticles were obtained by Trans-
mission Electron Microscopy (TEM). Initial studies were performed in a
T20 (FEI TECNAI T20) microscope and additional ones in a high reso-
lution uncorrected F30 (FEI TECNAI F30) apparatus, where imaging
studies were combined with EDX in STEM mode. Magnetic hysteresis
measurements were carried out in a Lake Shore model 7304 Vibrating
Sample Magnetometer, operating within the 15-300 K temperature
range.

The antibacterial activity of the nanoparticles (MnFe;O4) was
analyzed using the viable bacteria counting technique (colony). Bacte-
rial strains were isolated from patients in different units treated in the
intensive care unit of Cukurova University Faculty of Medicine. Bacteria
used in antimicrobial activity tests were identified with the vitek-2
system with an accuracy of 98%. Miiller Hilton broth and agar were
used as medium for antibacterial activity tests using the following bac-
terial strains: the Gram-positive Bacillus subtilis, and the Gram-negative
ones: Salmonella typhimurium, Pseudomonas aeruginosa, Klebsiella pneu-
moniae and Escherichia coli.

For the antibacterial activity test, MnFe;O4 nanoparticles were
added to Miiller Hilton broth at 100 and 300 pg/mL concentrations. Test
bacteria were grown overnight in LB broth and 100 pL inoculated into
Miiller Hilton broth containing 100 and 300 pg/mL MnFeyO4 nano-
particles. As a control, 100 pL was inoculated into 1 mL of Miiller Hilton
broth medium without nanoparticles [40]. Control and test samples
were incubated overnight at 37 °C. After an incubation period, 10°
dilution control and test organisms are inoculated using the spreading
technique on Miiller Hilton agar. This application was performed in
three replications for each sample. Colonies of control and test bacteria
grown on the media were counted. The average of the colony numbers
obtained from control petri dishes (three petri dishes) was taken and
accepted as reference. The average values were found by counting the
colonies obtained from the test bacterial strains. The antibacterial effect
was determined by proportioning the colony numbers obtained from the
control and the 100 and 300 pg/mL MnFe;O4 containing media.

3. Results and discussions
3.1. Structure analysis

As can be seen in Fig. 2, the structure composition of the initial
MnFe;04 target and of the fabricated nanoparticles was analyzed using
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Fig. 3. Scheme of different steps of the ablation process observed when the
laser process has affected several regions of the substrate.

XRD patterns. In the case of nanoparticles, the most intense diffraction
lines correspond to the (222) and (422) planes, according to PDF Card
No.:00-002-1392 Quality:0. These are associated to a cubic structure
with space group Fd3m. The lattice parameter a and the volume of the
unit cell V were calculated using:

I W +i2+P Ve

d? a? ’

in which d is the distance between planes in the atomic lattice and
the h, k, [ are Miller indices. The calculated a and V values are 8.52
(£0.01) A and 618.47 A3’ respectively. These obtained values are in
good agreement with the crystallographic cell dimensions in bulk and
nanoparticles of MnFe;O4 [41]. Moreover, as a general feature of
nanomaterials, some reflections such as (220), (311), (400), (333), (440)
and (531) are weaker and broader than those observed in the corre-
sponding bulk form. In addition, there are also several secondary
diffraction lines associated mainly with Fe;O3 (*) and also with MnyO3
(4) phases. These could indicate a complex ablation process involving
several phenomena occurring simultaneously. On the one hand, it may
indicate that ablation has not been confined to the external part of the
target surface, where the spinel phase was synthesized during the Laser
furnace process, and, in consequence, nanoparticles have also been
generated via ablation when the laser has reached the less-densified
granular material below this outer, dense surface and the three phases
(spinel, iron oxide and manganese oxide) are still present (Fig. 3).

The fact that melting takes place during the ablation process is
supported by the observation of spherical particles, formed by surface
tension during the ejection of liquid droplets from the melt, a typical
phenomenon observed during ns laser ablation. In addition, it is
important to consider that molten volume is affected by a gradient of
irradiance levels associated to the gaussian energy distribution within
the laser beam cross section. This would generate differences in viscosity
within the melt, resulting in smaller and larger droplets and particles
emanating from the irradiated laser spot.

The former arguments are also consistent with the following ones,
provided by recent comprehensive studies from published pulsed laser
ablation in liquid studies [39]. For example, Amendola et al. [42] review
the synthesis of nanoparticles in liquid and describe several extreme
phenomena, as, for instance, melting and evaporation or fusion of NPs to
form larger ones. In the latter case, if NPs fuse, they resolidify rapidly
giving way to new NPs with probably less structural order (line broad-
ening) and potential segregation of phases (spinel transforming partially
into its constituent oxides, for example), as could be deduced from work
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Fig. 4. TEM images for different magnifications of MnFe,0, nanoparticles. Inset presented in (d) shows the Fast Fourier Transform of selective area electron
diffraction pattern obtained on a representative particle.
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Fig. 5. Particle size distribution of the nanoparticles observed by TEM and shown, in part, in Fig. 4.
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Fig. 6. M-H curves obtained on representative MnFe;O4 nanoparticle at T =
300 K and 10 K. The inset shows the enlarged hysteresis loop within the range
+800 Oe.

reporting on a Mn-Fe-O phase equilibria revisiting study [36].

3.2. Morphological study

Representative TEM micrographs obtained on nanoparticles pre-
pared by n-IR 800 ps Laser Ablation of MnFey04 are presented in Fig. 4.
The four micrographs were recorded at different magnification, with
size scale bars ranging between 500 nm and 5 nm, as labeled in each
micrograph. From these images, it is apparent that most of the nano-
particles are spherical in shape, arising from a molten phase, as dis-
cussed earlier, and with significant agglomeration due to their magnetic
nature [39,43]. Moreover, the Fast Fourier Transform of selective area
electron diffraction patterns, given in the inset of Fig. 4(d), constitute
distinctive, continuous spotty circles pointing out the existence of
crystalline particles with regular lattice spacings.

The size distribution of the MnFe,O4 nanoparticles is given in Fig. 5,
where a significant fraction is observed to fall within the 1-15 nm size
range. Additionally, many nanoparticles with size below 10 nm are
observed throughout the samples. Moreover, few spherical nano-
particles with diameters higher than 20 nm are observed as a minority
fraction and their appearance is likely produced by shock wave-induced
ejection of droplets from the thin melt layer formed during irradiation of
the target surface [44,45]. They may also be a consequence of prolonged
thermalization of the plasma plume confined in a cavitation bubble
[46], via reflected shock waves during sustained oscillatory expansion
and contraction of its volume [47]. To produce nanoparticles from a
solid MnFe,04 target at a pulse duration of 800 ps and a near-IR irra-
diation wavelength, laser ablation may involve several simultaneous
mechanistic pathways. These are not clearly defined in the literature
related to Pulsed Laser Ablation in Liquids (PLAL), as are those ranging
within ultrashort (tens to hundreds of fs) and short (tens to hundreds of
ns) pulses, reviewed in detail [48,49]. It can be argued that the direct
sublimation arising from the solid surface under sub-ns pulsed irradia-
tion may yield very small diameter particles [41,43], as this phenome-
non occurs within a very short time, following each pulse irradiation and
before a dominant electron-phonon relaxation mechanism becomes
significant. The particle size distribution may thus be expected, with the
largest fraction in the small nanometer size range, with a very minor
fraction of larger nanoparticles. This is consistent with the observations
reported in the above TEM observations, where a monomodal
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Fig. 7. Plots of M vs 1/H” obtained on representative MnFe,O,4 nanoparticles at
T = 300 K and 10 K.

distribution appears to be characteristic.

3.3. Magnetic properties

In order to monitor the magnetic nature of MnFe;O4 nanoparticles
produced via pulsed laser ablation in water, magnetic hysteresis mea-
surements were performed within a +10 kOe range at 10 and 300 K,
respectively. The results are presented in Fig. 6, and it may be concluded
that the hysteresis curves exhibit a very narrow S-shape behaviour. This
is a clear indication and evidence for a soft ferromagnetic behaviour,
which increases with increasing magnetic field up to an intrinsic satu-
ration value. The remanent magnetization (M,) and coercivity field (H,)
values of MnFeyO4 nanoparticles measured at 10 and 300 K were
determined as 5.9 and 3.44 emu/g for M, and 284.5 and 142.3 Oe for H,
respectively. The field dependence of the magnetization (M) near its
saturation value is given by Ref. [50]:

M:Mj{l 71_%}

where M; is the saturation magnetization, $ is a parameter related to
anisotropy including magneto-crystalline anisotropy, shape anisotropy,
etc. and H is the applied magnetic field. As can be seen in Fig. 7, M and
values at 10 and 300 K can be obtained by plotting M versus 1/H?, from
both, the slope of the linear fitting and the interception with the y-axis,
respectively. The values thus obtained are 29.4 and 27.1 emu/g for M;
and 1.56 x 107 and 1.50 x 107 Oe? for g, respectively. If the 4 value is
found, the magnetic anisotropy constant (K,) can be conveniently
calculated using the equation below [50]:

158
Ko=My ==

The deduced K, values at 10 and 300 K are 2.25 x 10° and 2.03 x
10° erg/g, respectively.

Finally, it can be argued that the increase of magnetic quantities,
saturation magnetization, coercivity field, remanent magnetization at
low temperature is due to the decrease in thermal fluctuations of the
magnetic moment. It can be concluded that in these nanoparticles H,
values are smaller, which is evidence of soft ferromagnetic behaviour,
and M; values are slightly lower than those obtained in samples prepared
via a thermal decomposition method. But the general behaviour of these
magnetic magnitudes agrees with those found in the literature [41,43].
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Fig. 8. Antibacterial effect of MnFe;O4 nanoparticles in Pseudomonas aeruginosa. (a) Control sample, (b) 100 pg/mL MnFe,04 containing media; and (c) 300 pg/mL

MnFe,04 containing media.

Table 1

Antibacterial effect of MnFe;O,4 nanoparticles in Bacillus subtilis and Gram
negative Enterobacteriaceae strains. The antibacterial effect has been measured
as the percentage of reduction in the number of viable colonies.

Bacteria MnFe,0,4 (100 pg/mL) MnFe,04 (300 pg/mL)
Antibacterial Effect % Antibacterial Effect %
Bacillus subtilis 51.82 + 0.92 71.13 £0.94
Salmonella typhimurium 51.22 + 0.83 68.19 £ 1.72
Pseudomonas aeruginosa 8.83 £ 0.85 43.11 £ 1.05
Klebsiella pneumonia 52.74 £ 0.83 65.04 + 0.90
Escherichia coli 58.03 + 1.20 82.05 + 1.05

3.4. Antibacterial properties

The antibacterial activity of the synthesized MnFe204 nanoparticles
was analyzed using the live bacteria counting technique (colony). For
this purpose, the number of bacteria colonies grown in test media pre-
pared with nanoparticles at different concentrations have been
compared with the number that grow in a control medium. The reduc-
tion in the number of colonies measured in the test media has been
evaluated as the percentage of antibacterial effect. As an example, the
antibacterial activity observed with Pseudomonas aeruginosa is presented
in Fig. 8. In the case of this strain, the concentration of MnFe;04 has a
great importance. For low concentration values, 100 pg/mL, the anti-
bacterial effect only reaches an 8.8%, a value that increases up to 43.1%
when the concentration is 300 pg/mL. It is possible that the biofilm layer
synthesized by the Pseudomonas aeruginosa strain [51-53] prevents the
entry of MnFey0y4 into the bacteria. It is also important to mention that
the appearance of apparent contamination in the Petri dishes is due to
the use of strains isolated directly from the patient in the antimicrobial
activity test.

As can be observed in Table I, the synthesized nanoparticles
exhibited antibacterial effect in all the strains that have been used in this
work: Bacillus subtilis, Salmonella typhimurium, Pseudomonas aeruginosa,
Klebsiella pneumoniae and Escherichia coli. When the 100 pg/mL con-
centration is used, the antibacterial activity reaches percentages of
51.87%, 51.22%, 8.83%, 52.74% and 58.03%, respectively. On the
other hand, when the concentration increases to 300 pg/mL, these
percentages increase until 71.13%, 68.19%, 43.11%, 65.04% and
82.05% for each type of analyzed bacteria. S.K. Jesudoss et al. [54] have
investigated the antibacterial activity of spinel Mnj4NiyFesO4 nano-
particles synthesized via microwave combustion method, against two
Gram positive bacteria (S. aureus and B. subtilis) and two Gram negative
bacteria (P. aeruginosa and E. coli) isolated at the concentration of 200
pg/mL. They have observed the higher antibacterial activities for x = 0.5
composition, reaching values of 24.1% and 18.4% for S. aureus and
B. subtilis and 20.5% and 15.5% for P. aeruginosa and E. coli, respectively.
In comparison with this study, the nanoparticles prepared in this work
exhibit higher antibacterial activities for each examined bacterium. As it
is well-known, in general, the antibacterial efficiency of spinel ferrite

nanoparticles strongly depends on their particle size, surface area and
morphology. It can be argued that pulsed laser ablation in liquid for the
fabrication of spinel nanoparticles plays a very positive role towards
their biological applications.

4. Conclusions

The present study reports on the antibacterial activity of MnFeoO4
nanoparticles (NPs). Dense solid targets were fabricated using a laser
zone melting process within a patented Laser Furnace device at tem-
peratures close to 1000 °C. Nanoparticles were subsequently produced
using a pulsed laser ablation in liquid method with a 800 ps n-IR laser
source, irradiating the Laser Furnace produced, stoichiometrically cor-
responding dense blank, submerged in distilled water. The following
results may be highlighted.

e TEM observations show that most of the nanoparticles were spherical
in shape, indicating that they were produced after melting in the
ablation process. In addition, they exhibit significant agglomeration
due to their magnetic nature.

e The size distribution of the MnFe;04 nanoparticles was determined
to be largely within the 1-15 nm range.

e XRD measurements show that a high level of crystallinity was
reached in the fabricated nanoparticles. This is consistent with FFT
analysis of selective area electron diffraction patterns that shows
continuous, spotty circles pointing out the existence of crystalline
nanoparticles.

e The remanent magnetization (M;) and coercivity field (H,) values of
these nanoparticles were determined at 10 and 300 K, as 5.9 and 3.44
emu/g for M, and 284.5 and 142.3 Oe for H,, respectively.

e The synthesized nanoparticles exhibited an important antibacterial
activity, that depends on the nanoparticle concentration, both with
Gram-positive and Gram-negative test bacteria strains. The highest
antibacterial effect was obtained in Escherichia coli, a value that
reaches 58.03% for 100 pg/mL and 82.05% for 300 pg/mL. The
lowest effect was observed when working with Pseudomonas aerugi-
nosa strain, where also a strong influence on the nanoparticles con-
centration was observed. In the other three strains, antibacterial
activities of the order of 65-71% have been reached, when a particle
concentration of 300 pg/mL was used.
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