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In this work, the soft-template technique was employed in preparing the superparamagnetic Fe;O, nanoparti-
cles from natural iron sand. A series of the Fe;O4 nanoparticles formed spinel crystal structure with the parti-
cle size in the range of 1.9 to 6.6 nm which was varied by diethylamine concentration as the template. All
samples had the functional groups of Fe**-0*", Fe**-O*" and OH and exhibited the superparamagnetic charac-
ter. The antibacterial activity of the Fe;O, nanoparticles showed a significant outcome to pathogen growth rate.
Pre-administration of bacterial stock solution (E. coli and B. substilis) with magnetite significantly reduced the
colony formation compared to control group, In particular, for Gram-negative bacteria growth rate, pretreat-
ment with magnetite declined the colony formation considerably compared to placebo and positive control
group. Also, in line with Gram-negative bacteria, the similar pattern of the bacterial killing property was

observed in Gram-positive bacteria.
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1. Introduction

The emergence of global health issues are significantly
related to poor environmental hygiene and lack of drug
treatment efficacy in clinical management. The improve-
ment of drug treatment efficiency and microbial infection
prevention was considered as a part of clinical mana-
gement goals. Nowadays, the synthesis of composite
particles has been promoting a specific strategy in the
biotechnological and biomedical field. The utilization
of composite in particular magnetic nanoparticles was
reported to be widely used in drug delivery, energy
storage, and antibacterial agent [1-3]. Superparamagnetic
iron oxide nanoparticles are new materials implemented
in several biomedical applications particularly against
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resistant pathogens [4]. Hence, the synthesis of unique
iron oxide especially magnetite (Fe;O4) nanoparticles
based on their molecular and physical structure is the
major concern to enhance the potential properties of these
materials in the biophysical study.

Fe;04 nanoparticles become potential particles with a
higher capability in the drug-delivery system (DDS),
anticancer, antibacterial function, recyclable biocides, and
MRI application in clinical diagnosis [5-9]. Moreover,
Fe;0, is a stable nanoparticle against oxidation, signifi-
cantly associated with stable magnetization, biocompati-
bility agent, and lack of toxicity. In addition, to reduce
invasive method in clinical management, nanoparticle
applications may offer a novel strategy to heal the specific
disease and pathogen clearance in pre and post patient
therapy [10]. Magnetic-nanoparticles also provide a novel
chance to detect a bacterial resistance to antibiotic treat-
ment [11]. In dealing with the advanced clinical therapies
and environmental quality control, the exploration of Fe;0,
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nanoparticles synthesized from natural materials with
potent antibacterial property and drug delivery capability
is required.

To enhance the antibacterial application of the Fe;0O,
nanoparticles, it is also essential to produce stable Fe;0O,
ferrofluids with the superparamagnetic character by in-
expensive and simple methods. Therefore, we offer the
functionalization of natural iron sand to provide the Fe;0,
nanoparticles. Furthermore, it is also imperative to first
produce the Fe;O,4 nanoparticles as the main particles in
the fluid with small size and high homogeneity. Con-
sequently, the control of the size and uniformity of the
Fe;04 nanoparticles become an essential role that should
be conducted first. One prospective way that can be
performed is by employing an appropriate template in
fabricating process of the fluid [12]. Some research
groups took efforts to obtain the Fe;O4 nanoparticles with
small size and excellent uniformity by employing PEG as
templates in several types and compositions [13-15].
However, the uniformity of the Fe;O4 nanoparticles di-
stribution was not obtained properly. Thus, an alternative
template which is based on a soft template should be
further explored to achieve Fe;O4 nanoparticles in small
size and in high homogeneity with superparamagnetic
character.

Several previous studies have shown that Fe;O,4 nano-
particles can be addressed explicitly to inhibit bacterial
growth rate. Fe;O4@POHABA (poly-N,N'-[(4,5-dihydr-
oxy-1,2-phenylene)bis(methylene)]bisacrylamide) material
could decrease Gram-negative, Gram-positive bacteria
and fungal cell proliferation rate [1]. The combination of
Fe;04 and SiO,-Ag exhibited antibacterial capabilities of
these magnetic hybrid nanocomposites [16]. Furthermore,
similar to the previous study, a photothermal bacterial
inactivation was reported in the pre-treatment with
polydopamine@Fe;O,+phenylethynesulfonamide result-
ing from the inhibition of Hsp70s (70 kilodalton heat
shock proteins) [17]. Metal oxide nanoparticles have been
claimed as a bacterial growth inhibitor through the en-
hanced oxygen free radical formation [18]. Iron oxide
nanoparticles are predicted to increase bacterial apoptosis
due to the higher level of reactive oxygen species (ROS)
production and related to the alteration of bacterial cell
membrane charge [8]. Importantly, the application of Fe;0,
nanoparticles improved lysozyme releasing process result-
ed in the decrease of bacterial growth at physiological
temperature [19]. Even though some previous studies
have been conducted to justify the fundamental property
of Fe;0, in microbial control, however, there is no
information whether the different soft template of Fe;0,
synthesis affects the microbial growth rate. Therefore, the
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application of natural Fe;O4 with different synthesis pattern
can be considered as the potential nanoparticles on
pathogen population growth control.

In this work, we propose the use of diethylamine as a
soft template in synthesizing the Fe;0, nanoparticles from
natural iron sand with superparamagnetic behavior. More-
over, the structural, particle size, chemical bonding, super-
paramagnetic properties, and antibacterial performances
are also discussed comprehensively.

2. Experimental Methods

Diethylamine template was utilized to conduct the syn-
thesis of Fe;O4 nanoparticles by using a simple co-preci-
pitation method. The magnetite powders were extracted
from natural iron sand taken from East Java, Indonesia.
The extracting process was set by following our previous
works [20,21]. The magnetite powders extracted from
iron sand were then reacted with hydrochloric acid (HCI
12.1 M) using a magnetic stirrer at a room temperature
according to our previous works [22-24]. After the solution
was formed, the diethylamine was added dropwise with
five serial variations of 0 %, 8.3 %, 16.7 %, 25 %, and
33.3% in volume and followed by dropping slowly of
ammonium hydroxide (NH,OH 6.5 M). The samples with
the five compositions of diethylamine were respectively
coded by FD1, FD2, FD3, FD4, and FD5. Moreover, the
precipitate was washed with deionized water and ethanol
and then followed by the filtering process. To obtain the
Fe;0, ferrofluids, the FesO, particles were reacted by
TMAH and dispersed in water. Meanwhile, to obtain the
Fe;04in powders, the samples were then annealed at 100
°C. Finally, the Fe;0, particles were characterized by
means of X-ray Diffractometer (XRD), Fourier Trans-
forms Infrared (FTIR) spectroscopy, Brunauer-Emmet-
Teller (BET) surface area analyzer, and Superconducting
Quantum Interference Device (SQUID) magnetometer.

The XRD experiment was conducted to investigate the
phase purity, crystal structure, crystallite size, and lattice
parameter of the samples. The XRD data were obtained
from the diffractometer with Cu-Ka radiation on 40 kV
and 35 mA. The FTIR characterization of electromagnetic
radiation in the range of 4000-400 cm™' was performed to
study the functional groups of the samples. The BET
characterization was also employed to calculate the surface
area and the size of the magnetic particles. Moreover, a
magnetic measurement of SQUID magnetometer was also
conducted to investigate the superparamagnetic character
of the Fe;0, nanoparticles.

The growth rate assay of Fe;O, nanoparticles was
performed using E. coli (Gram-negative bacteria) and B.
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substilis (Gram-positive bacteria). In this work, the growth
rate is defined as the number of colony formation of
Gram-positive and Gram-negative bacteria in agar plate.
Both of microbes were obtained from LIPI (Indonesian
Science Research Center, Jakarta Indonesia) and pre-
cultured within liquid Mueller Hinton agar (Merck
Millipore) with bacterial broth dilution method. Next, 500
pL of bacterial samples were diluted with 500 ul. mag-
netite dispersion. One hundred microliters of the dilution
samples were used and cultivated in Mueller-Hinton agar
plate for the antimicrobial test. The positive control group
was treated with chloramphenicol, while the placebo
group was prepared without antimicrobial treatment. All
of the experimental plates were incubated for 24 hours at
37 °C. Fe;0,4 nanoparticles used soft templates with five
serial concentrations in this test. The growth inhibitory
activity/cell death stimulation of Fe;O, was calculated by
colony formation measurement/Quebec colony counter.

3. Results and Discussion

Figure 1 presents the XRD patterns of the Fe;O, particles
mediated by diethylamine prepared by a simple co-
precipitation method. Based on the figure, it can be seen
that all samples present similar diffraction patterns to the
Fe;04 nanoparticles in the literature [25-27]. Qualitative-
ly, the XRD patterns of all samples also refer to the XRD
pattern of the Fe;O, with ICSD No. 30860 in a single
phase. It means that a variation of the diethylamine as a
template does not influence the crystallite phase of the
Fe;04 nanoparticles. Moreover, to investigate the crystal
structures of the samples in more detail, the quantitative
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Fig. 1. (Color online) X-ray Diffraction patterns (blue circle)
and Rietveld refinement plots (red solid line) of the Fe;0, par-
ticles mediated by diethylamine from iron sand.
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analysis by using refinement technique is explained in the
following discussion.

Based on the results of the refinement analysis using a
Rietica program with the ICSD as a structural reference,
all samples constructed a crystal structure of inverse
spinel of Fe;0,. In this structure, all prepared samples
have a crystal cubic structure with lattice parameters of a
= b = c and crystal volume of V'=a x b X ¢ [28]. In such
structure, the iron ions centered in octahedral and tetra-
hedral sites are surrounded respectively by six and four
oxygen ions. The value of goodness of fit (GoF) and
profile factor (R,) represents that the ICSD model is
appropriate to fit the XRD data of the samples. In this
experiment, the value of the lattice parameters tends to be
constant in the range of about 8.361-8.367 A as shown in
Table 1. These results are also similar to the results as
reported in the literature [22-24].

The particle size (D) was determined by using Debye-
Scherrer’s formula as shown in the following equation
[29].

_ K&
~ Pcos@ M

where @ is the Bragg angle, S is the excessive line
broadening which is expressed by the full width at half
maximum, K is constant, and A is the X-ray wavelength.
The data analysis shows that all samples have a particle
size of a nanometric size that is lower than 10 nm. The
results are also in agreement with the particle size of the
Fe;0, investigated by means of synchrotron small-angle
X-ray scattering (SAXS) as reported in our previous
works [21, 22]. Furthermore, in our previous work, it was
reported that the Fe;O, nanoparticles with different sizes
were obtained by XRD data and were comparable with
the results of HR-TEM and small-angle neutron scattering
[23]. The results of data analysis of BET characterization
are summarized in Table 1, indicating high surface area
value in the range of about 170-617 m*g. The trends of
the surface area values are in line with the trend of the

Table 1. Crystallite size, lattice parameter, and surface area of
the Fe;0, nanoparticles mediated by diethylamine from iron
sand.

Crystallite Lattice Surface
Sample  GoF R, size parameter area
(nm) A) (m?/g)
FD1 0.57 16.25 8.62 8.361 183.6
FD2 0.60 16.62 8.94 8.362 193.8
FD3 0.58 16.33 9.91 8.362 169.7
FD4 0.58 16.58 7.78 8.367 173.2
FD5 0.57 16.00 7.31 8.365 616.8
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crystallite size calculated by Debye Scherer’s equation
from the XRD data. In general, the concentration of di-
ethylamine does not significantly affect the crystal structure
of the Fe;0, nanoparticles. However, the increasing of the
diethylamine concentration tends to reduce the crystallite
size of the FesO, nanoparticles. It means that the di-
ethylamine plays an essential role in inhibiting the growth
of the Fe;O,4 nanoparticles by surface capsulation process.
Moreover, the diethylamine as a template also increases
the nucleation of the Fe;O, nanoparticles. Interestingly,
the sample with the highest diethylamine template com-
position, i.e. FD5 has the biggest surface area of 616.8
m?/g corresponding to the smallest particle size which
becomes the best candidate for an antibacterial agent for
the Gram-negative bacteria. It means that the diethylamine
works efficiently as an appropriate template for synthe-
sizing the Fe;O, nanoparticles. Generally, diethylamine
has a particular function to prevent the growth of the
nanoparticles to control the size of the Fe;O,4 nanoparticles.

The functional group of the Fe;O4 nanoparticles was
characterized using the infrared spectrometer by electro-
magnetic radiation in the range of 4000-400 cm™'. Based
on Fig. 3, the Fe;0, nanoparticles have the absorption
peaks at 420 and 582 cm™' which associated with func-
tional groups of Fe**-O*~ and Fe**-O*" in the spinel struc-
ture [30, 31]. These peaks correspond to the XRD data
analysis as shown in the above discussion. The vibration
of reminder H,O on the surface of the Fe;0, nanoparticles
is detected in the absorption bands of approximately 1630
and 3430 cm™' [32]. Meanwhile, the peak near 1360 cm™
belongs to Fe-O bonding in tetrahedral position. Further-
more, the weak peak at the spectrum of 2315 cm™ is
believed from CO, from the atmosphere [33]. Interesting-
ly, the figure exhibits the absence of functional groups of
diethylamine in the FTIR spectra. Based on the literature,

Fig. 2. (Color online) Crystal structure of the Fe;O4 particles.
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Fig. 3. (Color online) FTIR spectra of the Fe;0, nanoparticles
mediated by diethylamine from iron sand.

the functional groups of the diethylamine appear at 733
ecm™' (N-H), 1143 cm™ (C-N) and 3288 cm™' (N-H) [29].
It means that the annealing process of the precipitated
materials at 100 °C could easily remove the diethylamine
content. Therefore, the diethylamine plays an essential
role as a soft template in preparing the Fe;O4 nano-
particles. Moreover, the use of diethylamine in preparing
the Fe;O4 nanoparticles does not contaminate the purity of
the magnetic particles. To ensure that this experiment has
successfully produced Fe;O, nanoparticles with the super-
paramagnetic character, the magnetic characterization will
be discussed in the following section.

Figure 4 shows magnetic properties of the Fe;O, nano-
particles dispersed in water. The magnetization experi-

125 L 1 n 1 n 1 L 1 N 1 L
1.00 -
| |——FD5 L
0754 |——FD4 L
0.50 FIR -
| |——FD2 L
2 0254 |—FD1 L
=} <4 F
5 0.00 A -
= -0.25 -
-0.50 +
-0.75 -
-1.00 -
-1.25 ’ T v T T T T T T T T
-60000  -40000  -20000 0 20000 40000 60000

H (Oe)

Fig. 4. (Color online) Magnetization curves of the Fe;0, fer-
rofluids mediated by diethylamine from iron sand.
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ment was conducted by sweeping the magnetic field (H)
from -5 T to 5 T at a room temperature. The magneti-
zation (M) of all samples increased and decreased sharply
from 0 to 5 T and from 0 to —5 T, respectively. Moreover,
the magnetization curve formed S shape with the coerci-
vity force and a remanent magnetization that is almost
negligible. Mathematically, the magnetization curves follow
the Langevin function as described comprehensively in
the literature [34]. In the superparamagnetic state, without
the external magnetic field, the Fe;0, nanoparticles have
no residual magnetism with almost zero coercivity. These
properties become strong physical evidence that the Fe;0,
nanoparticles prepared in this experiment have an ex-
cellent behavior as being superparamagnetic [35]. In our
previous work [22], the Fe;O, nanoparticles with the
diameter size of about 8 nm present a superparamagnetic
character based on the M-H curve and FC-ZFC data. In
such data, the blocking temperature appears at 270 K
indicating that the Fe;O4 nanoparticles have a superpara-
magnetic feature at a room temperature. Theoretically,
without any influences of an external magnetic field, the
magnetic moment of superparamagnetic material has
random orientation. On the other hand, under an external
magnetic field, the magnetic moment of the material is
easily oriented by following the direction of the external
field.

Based on the magnetization curves, the saturation
magnetization is in the range of 0.6-1.2 emu/g. The FD3
sample has the highest saturation magnetization with the
value of approximately 1.1 emu/g. It is predicted that this
phenomenon occurs because the FD3 sample has the
highest particle size compared to the other samples as
shown in the above XRD and BET data analysis. How-
ever, for a global data, the saturation magnetization of the
samples does not follow a linear trend with the particle
size. Theoretically, despite the saturation magnetization of
the Fe;O4 particles is contributed by net magnetic moment
of iron ions in the tetrahedral and octahedral sites, the
literature points out that the magnetization is also contri-
buted by many factors such as the size of primary and
secondary particles, particle shapes, spin disorder, and
metallic ion arrangements [22, 36]. From the magneti-
zation curves, it can be inferred that the natural iron sand
has been successfully utilized in producing high purity
magnetic nanoparticles with the superparamagnetic
character using a soft-template technique. Furthermore, to
enhance the functionalization of the prepared magnetic
nanoparticles, the investigation of their antibacterial
performance is also presented in the following segment.

Our study has attempted to explore the potential anti-
bacterial activity of the Fe;O, nanoparticles in the fluids
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Fig. 5. The growth rate of placebo as negative control and
positive control group with antibiotic treatment.

synthesized from natural resources with soft-template
synthesis model. The preliminary laboratory observation
was done by growing the Gram-positive (B. substilis) and
Gram-negative (E. coli) bacteria on medium with and
without an antibiotic treatment as presented in Fig. 5. The
figure shows that the bacterial growth rate in the negative
control group (placebo) significantly higher than the
positive control group with an antibiotic treatment in both
gram bacteria. The pre-administration of antibacterial
agent (chloramphenicol) significantly reduced the number
of colony formation (bacterial growth rate in agar plate).
Theoretically, antibiotic treatment acts to prevent the
bacterial growth rate by decreasing cell proliferation.
Furthermore, to clarify that the prepared Fe;O4 nano-
particles play an essential role in inhibiting the bacterial
growth rate, we have treated both Gram bacterial with
five serial samples as shown in Fig. 6.

The antibacterial activity of the Fe;O, nanoparticles
obtained from local resources showed a significant out-
come to a bacterial growth rate. The pre-administration of
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Fig. 6. (Color online) The Fe;O, nanoparticles treatment
decreased the growth rate of Gram-positive and Gram-negative
bacteria.
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Fig. 7. (Color online) Antimicrobial test of the Fe;0, ferrofluids at Gram-negative bacteria; A. Control (E. coli); B. Positive control
(E. coli + chloramphenicol); C-G. Experimental group (E. coli treated with five serial soft templates for the Fe;04 nanoparticles syn-
thesis). C, D, E, F, and G refer to the respective samples of FD1, FD2, FD3, FD4, and FD5.

Fe;04 nanoparticles significantly reduced the colony
formation compared to the control group as shown in Fig.
6. In particular, for the Gram-negative bacteria growth
rate observation, pretreatment with Fe;O4 nanoparticles
significantly declined the colony formation compared to
placebo and positive control group as shown in Fig. 6.
Also, in line with this data, the similar pattern of the
bacterial killing property was observed in Gram-positive

bacteria as presented in Figs. 7-8. However, the con-
sistency of Fe;O, nanoparticles to decrease pathogen pro-
liferation rate was significantly different in Gram-negative
bacteria compared to Gram-positive bacteria.

The decreasing number of colony forming unit bacteria
in this work presented that the potential antibacterial
occurs from the Fe;0, nanoparticles. One important reason
of this phenomenon is that the magnetic nanoparticles can

Fig. 8. (Color online) Antimicrobial test of the Fe;O, ferrofluids at Gram-positive bacteria; A. Control (B. substilis); B. Positive
control (B. substilis + chloramphenicol); C-G. Experimental group (B. substilis treated by five serial soft templates for the Fe;O4
nanoparticles synthesis). C, D, E, F, and G refer to the respective samples of FD1, FD2, FD3, FD4, and FD5.
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deactivate the synthesis of essential complex proteins on
bacteria or can be employed as protein synthesis inhibitor
especially for protein transport, adhesion, receptor, ion
channel, cytoskeleton, enzyme [37], and on ribosome, cell
wall, cytoplasmic membrane, lipid biosynthesis enzyme,
transcription factor, and deoxyribonucleic acid (DNA)
replication [38]. Conversely, the effect of the Fe;O4 nano-
particles on bacteria occurs through a molecular process
such as binding between the Fe;O4 nanoparticles wall and
cell wall, releasing of metallic ions, or formation of reac-
tive oxygen species [2]. In particular, the Fe;O4 nano-
particles could produce reactive oxygen species leading to
the inhibition of bacterial proliferation in both Gram-
positive and Gram-negative bacteria. Moreover, the electro-
magnetic attraction between the microbes and the Fe;O,
nanoparticles becomes possible mechanism originated
from positive and negative charges from the Fe;O, and
the microbes, respectively [9]. Therefore, it is believed
that the Fe;O4 nanoparticles have a better performance in
inhibiting the Gram-negative bacterial growth (E. coli)
than Gram-positive bacterial growth (B. substilis). Based
on the electromagnetic concept, the interaction between
positive and negative charges is attractive while positive
and positive charges are repulsive. According to the
results of this work, a further investigation of antibacterial
activity of the Fe;O, nanoparticles by applying external
magnetic and electric fields becomes an important and
challenging research to be conducted.

4. Conclusion

Diethylamine as a soft template was successfully em-
ployed to produce Fe;O4 nanoparticles with high purity
from natural iron sand. All samples were crystallized in
the inverse spinel structure as Fe;O, and sized in the
nanometric scale below 10 nm. The functional groups of
all samples exhibited a high purity of Fe;O, particles
without any impurities. Moreover, the magnetic characteri-
zation of the Fe;O, nanoparticles in the fluids presented
superparamagnetic materials. The Fe;0, ferrofluids pre-
sented an essential outcome to pathogen growth rate
served as an excellent antibacterial agent. Compared to
control group, the pre-administration of bacterial stock
solution (E. coli and B. substilis) with the Fe;O, signi-
ficantly reduced the colony formation.
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