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ABSTRACT

The preparation of Co-doped magnetite ferrofluids from natural sand was developed using a double-layer
technique. The Co-doped magnetite nanoparticles formed a spinel phase with lattice parameters in the
range of 8.355-8.422 A and tended to agglomerate with the particle sizes of 7-12 nm. The presence of
the first and second layers from oleic acid and DMSO was detected by the infrared spectrum as well as
the olive oil used as a carrier liquid. The saturation magnetization of the superparamagnetic samples
decreased from 24.4 to 4.8 emu/g with decreasing Co** composition. The particle size and electrostatic
forces between the magnetic particles and the microbes played an essential role in inhibiting microbial
growth. Interestingly, the increasing Co®" composition enhanced the superior performance of the fer-
rofluids against E. coli, S. aureus, B. subtilis, and C. albicans. With additional extensive investigation, we
believe that the prepared Co-doped magnetite double-layered ferrofluids from natural sand with superior
antimicrobial performance can be new significant antimicrobial agents.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the last few years, a serious global problem is an increase in
morbidity and mortality due to infectious diseases caused by
pathogenic microbes such as viruses, bacteria, and fungi. Such
infections cause at least 400 million deaths annually (Fitzpatrick
et al.,, 2019). Even the Coronavirus pandemic has now infected mil-
lions of people in the world in a short time, proving that patho-
genic microbes are becoming a severe problem that can threaten
human life and the economic stability of many countries. In
response, experts from various fields continue to develop methods,
especially for synthesis, to produce new antimicrobial drugs that
are effective and efficient in overcoming pathogenic microbes.
However, the issue of increasing multi-drug resistance from patho-
genic microbes has not been addressed (Huang et al., 2014), and
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the majority of antibiotics mostly works by weakening or killing
harmful microbes. However, various microbes can develop resis-
tance to certain antibiotics or even induce mutations (Ruddaraju
et al., 2020). Furthermore, the increasing number of pathogenic
microbes that are resistant to antibiotics produces diseases, other-
wise, it leads to severe death (Kadiyala et al., 2018). Therefore, the
development of novel approaches to overcome pathogenic
microbes, primarily through the combination of antimicrobial
drugs with magnetic nanoparticles, is important. One of the most
central reasons for developing novel approaches in fraying infec-
tious diseases of pathogenic microbes is to improve the delivery
of antimicrobial materials so as to significantly decrease the mini-
mal inhibition concentrations of the drug used independently
(Liakos et al., 2014).

Currently, treatments of pathogenic microbes, particularly
metal oxide-based nanomaterials, have been developed by
researchers in various fields, given the high specific surface area
of nanomaterials that maximize interaction with the microbial
membrane (Shuai et al,, 2019). Theoretically, metal oxides are
believed to inhibit the growth of bacteria by producing oxidative
stress and reactive oxygen species (ROS) (Saravanan et al., 2018).
Furthermore, metal oxides are able to eradicate microbes effec-
tively, given their low toxicity, stability, and higher selectivity
when compared with other materials, especially organic materials
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(Stankic et al., 2016). Magnetite nanoparticles are potential nano-
materials to be developed as microbial agents given their attri-
butes of biodegradation, biocompatibility, and acceptability for
human consumption. Magnetite nanoparticles also have other
superior advantages, such as being environmentally friendly, easily
synthesized, non-toxic, possessing a large surface area, and having
strong magnetic properties (Mozaffari et al., 2015). However, mag-
netite nanoparticles easily agglomerate when the particle size gets
smaller, thus disrupting the application’s performance as antimi-
crobial agents. Furthermore, for biomedical applications, the mag-
netite nanoparticle surface needs to be modified for easier
suspension in water with high stability to resist the effects of pro-
tein and salt in the physiological environment (Huang et al., 2014).
Therefore, for antimicrobial applications, the development of mag-
netite nanoparticles into ferrofluids with high stability that is
easily soluble in water is believed as the most effective method
when compared to bulk, powder, or even thin films antimicrobial
activities. One of the most important factors for the successful
application of magnetic nanoparticles is a surface modification by
organic/inorganic compounds. Unfortunately, the conventional
synthesis of magnetite ferrofluids based on a single layer is less
effective as the synthesis time tends to produce less stable ferroflu-
ids. Kurimsky et al. reported that the single-layered ferrofluids
have unstable performance due to the separation phase of mag-
netic fillers and carrier liquid (Kurimsky et al., 2018), which affect
their performance applications because the magnetic fillers are not
dispersed optimally. Meanwhile, the current study showed that
double-layered ferrofluids provide high stability performance even
though stored for a relatively long time (Saputro et al., 2020).
Therefore, we developed a magnetite ferrofluid synthesis method
with a double-layer-based surfactant technique using a carrier lig-
uid of olive oil in which the magnetite ferrofluids are water-
soluble.

Magnetite nanoparticles exhibit unique superparamagnetic
performance and are easily controlled and recycled by external
magnetic fields, which are advantages of antimicrobial applica-
tions (Huang et al., 2014). Furthermore, magnetite nanoparticles
also have advantages because they are biocompatible and do not
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require UV light in eradicating microbes, and it is also easily sepa-
rated using an external magnetic field after being used as an
antimicrobial agent (Groiss et al., 2017; Thakur et al., 2019). There-
fore, it is important to develop antimicrobial agents based on mag-
netite nanoparticles. However, magnetite nanoparticles are less
chemically stable because of rapid oxidation by oxygen in the air
(Asab et al., 2020). Therefore, the doping process into magnetite
by substituting Fe ions with other transition metal ions that have
better chemical stability is a powerful approach. Conversely, the
increase in the chemical stability of magnetite nanoparticles is also
very significant and it should be embraced to enhance the antimi-
crobial performance. Co may address the low chemical stability of
magnetite because it has high chemical stability in various envi-
ronmental conditions and is one of the best dopant candidates.
Klein and co-workers proved that Co-doped magnetite is more
stable than magnetite in the air (Klein et al., 2018). Previous
research shows that Co-doped magnetite has a much greater mag-
netocrystalline anisotropy compared to magnetite, and it has high
magnetic hysteresis, which is very beneficial for biomedical appli-
cations (Donmez et al., 2019). Furthermore, for the benefit of inex-
pensive and environmentally-friendly, large-scale antimicrobial
applications, the synthesis of ferrofluid double layers in this work
was also developed by exploring natural iron sand as a primary
source for the precursors.

2. Materials and methods
2.1. Preparation of Co-doped magnetite double-layered ferrofluids

The natural iron sand was employed as the primary source to
produce FeCl,/FeCls. CoCl,, AgNO3, NH4,OH, NaOH, HCl, PVP, NaBH,,
oleic acid, and DMSO were purchased from Merck, and olive oil
was purchased from Borges. 20 g of the Fe304 powders extracted
from natural sand was reacted with 58 mL of HCl for 20 min to
obtain FeCl,/FeCls solution. 20 mL of the solution was then reacted
with CoCl, 60 min. The mass compositions of the CoCl, were main-
tained for 0, 1.12, 2.23, 3.35, 4.45, and 5.55 g and coded as samples

Co-doped
magnetite

0o 090
© ©.9|\ [Washed with H,0
020 @

0@0

DMSO

Single-layered
ferrofluids

. o
. .
.~ .
---------

Fig. 1. Illustration of the formation of the Co-doped magnetite double-layered ferrofluids.
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S1, S2, S3, S4, S5, and S6, respectively. The final product was
titrated with 29 mL of NH4OH for 30 min and continued by wash-
ing and filtering processes to obtain the black precipitated. The
black precipitate was mixed with 50 mL of H,0 and sonicated for
10 min and followed by a titration process using NaOH for
30 min until reaching a pH of 11 to obtain a precipitate. The precip-
itate was covered by 2.5 mL of oleic acid as the first layer. Next,
2.5 mL of DMSO as the second layer was employed by stirring for
60 min to cover the first layer completely. Finally, the final product
was dispersed in 10 mL of olive oil as a carrier liquid to obtain the
Co-doped magnetite double-layered ferrofluids. The illustration of
the formation of ferrofluids is depicted in Fig. 1.

2.2. Characterizations

The synthesized samples were characterized using an X-ray
diffractometer (PANalytical X’Pert Pro, Cu-Kot 1.540 A) and a scan-
ning electron microscope (FEI Inspect-S50) to investigate their lat-
tice parameters, particle size, and morphology. A Fourier transform
infrared (FTIR) spectrophotometer (Shimadzu, IRPrestige-21) was
employed to evaluate the functional groups of the constituent
compound of the ferrofluids. A vibrating sample magnetometer
(Oxford VSM1.2H) was employed to investigate the magnetic prop-
erties of the samples. All characterizations were conducted at
ambient temperature.

The antibacterial activity of the Co-doped magnetite double-
layered ferrofluids was evaluated using the agar diffusion method.
In this study, chloramphenicol was used as a positive control, and
alcohol was used as a negative control. Agar nutrient (NA) was dis-
solved in distilled water followed by a sterilization process in an
autoclave at 150 °C, and thereafter, it was cooled at a temperature
of 45 °C and poured in a sterilized petri dish. S. aureus and B. subtilis
colonies were prepared as gram-positive bacteria and E. coli bacte-
ria as negative bacteria. Each colony was put in a nutrient broth
(NB) to be cultured in a liquid medium for 18 h. In the next stage,
all mediums and bacterial cultures were placed in laminar airflow
and continued with the inoculation process. The medium contain-
ing the sample was put in an incubator at 37 °C for 18 h to obtain
the inhibition zone diameter. In this work, three replications were
conducted for the experiment.

The antifungal activity of the Co-doped magnetite double-
layered ferrofluids was also evaluated using the agar diffusion
method. In this work, ketoconazole was used as a positive control,
and alcohol was used as a negative control. The antifungal activity
test was initiated by dissolving sabouraud dextrose agar (SDA) in
distilled water at 200 °C. The SDA medium was sterilized in an
autoclave at 150 °C, and thereafter, it was cooled at 45 °C to be
poured in a sterilized petri dish. C. albicans colonies were prepared
and put in NB to be cultured in a liquid medium for 24 h. All medi-
ums and fungal cultures were placed in laminar airflow and contin-
ued with the inoculation. Three replications were conducted for
the experiment. The inhibition zone diameter of the samples was
obtained after maintaining medium containing the sample in an
incubator at 37 °C for 18 h.

3. Results and discussions

The XRD patterns of the Co-doped magnetite nanoparticles are
depicted in Fig. 2. The XRD data represented by circles were fitted
well by the calculation model represented by the solid lines. Qual-
itatively, the XRD pattern of each sample had a similar pattern,
except for its broadening and peak position. The higher Co?* com-
position tended to broaden the full width at half maximum, which
corresponds to the decreasing particle size from 11.8 to 6.6 nm.
The particle size of the samples was also supported by scanning
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Fig. 2. X-ray diffraction patterns of the Co-doped magnetite nanoparticles.

electron microscopy images, as presented in Fig. 3. Based on the
images, the magnetic nanoparticles tend to agglomerate. The
agglomeration of the Co-doped Fe;04 nanoparticles was attributed
to the van der Waals force between magnetic particles producing
the clusters of primary particles (Sunaryono et al., 2016), prevent-
ing the formation of a single magnetic domain of the magnetic
nanoparticles. The particle sizes of the samples are likely to be
stable in the range of 39.9-42.6 nm. These results were higher than
those of obtained from X-ray diffraction data since the magnetic
nanoparticles agglomerated. The agglomeration of the magnetic
nanoparticles in this work was in line with the pDA/PEI/Co?* tern-
ary coated membrane, as reported by Zhang et al. (Zhang et al.,
2020b). Interestingly, the presence of Co?" in the magnetite did
not produce a new peak, which indicates that Co®" successfully
replaced Fe* (Yang et al., 2016). Moreover, the higher Co?* compo-
sition tended to shift the diffraction peak to a lower position, indi-
cating the expansion of the lattice parameters from 8.355 to
8.422 A in the cubic spinel structure. According to Bragg’s law,
the lattice parameters expanded because the Co®* has a larger ionic
radius (74 pm) than Fe** (64 pm) (Xiong et al., 2020). As a result,
the crystal volume also expanded from 583.2 to 597.4 A3. Joshi
and co-workers successfully synthesized cobalt ferrite nanoparti-
cles with a particle size of approximately 15 nm (Joshi et al.,
2016). Swatsitang et al. further produced cobalt ferrite nanoparti-
cles with a particle size of 80-100 nm by varying temperatures
(Swatsitang et al., 2016). Therefore, the synthesized Co-doped
magnetite nanoparticles prepared from natural sand are smaller
than those of the synthesized samples from commercial
precursors.

The fitting analysis using the Langevin function (Eq. (1)) was
employed, and its results are shown in Fig. 4. Visually, the magne-
tization curves of all samples had a similar pattern, except for their
saturation magnetization value. The curves indicate that the sam-
ples form a superparamagnetic character because the remanent
magnetization was close to zero (Navgare et al., 2020).

M= M, <coth (%) _ <%)) (1)

Where M, Ms, u, H, kg, and T are the magnetization, saturation mag-
netization, magnetic moment, magnetic field, Boltzmann constant,
and temperature, respectively (Rezaei et al., 2018). Based on the fit-
ting analysis, the Ms and magnetic susceptibility () decreased with
increasing Co®* composition with the respective values from 24.4 to
4.8 emu/g and from 3.1 to 1.6. In this regard, Daffé et al. explained
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Fig. 3. Scanning electron microscopy images of the Co-doped magnetite nanoparticles.
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Fig. 4. Fitted magnetization curves of the Co-doped magnetite nanoparticles. The black circles and blue solid lines represent the respective experimental data and fitting model.

that the physical reason that contributed to such declining values is
the presence of the surface disorder and cationic distribution mod-
ification owing to the cobalt substitution (Daffé et al., 2018). The
magnetic moment of Co?* which is lower than that of Fe* decreas-
ing Ms of the Co-doped magnetic nanoparticles (Purnama et al.,
2019).

The functional group of the ferrofluids was investigated to claim
the presence of ferrofluid components, as shown in Fig. 5. The first
ferrofluid component detected was functional groups of metal oxi-

des (M-O) originating from Fe—O and Co—O. In this work, the pres-
ence of M-O was detected at 459 cm! for the stretching mode at
the octahedral position (Husain et al., 2019) and 704 cm™! at the
tetrahedral position. Based on the previous work, the stretching
mode at the tetrahedral position was in the range of 560 to
580 cm™' (Lei et al., 2017). The displacement was predicted as
the effect of the Co?* ions that replaced the Fe>* ions. Furthermore,
the decrease in particle size enhanced the forces on the surface of
nanoparticles so that the absorption band of FTIR spectrum shifted
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Fig. 5. Infrared spectrum of the Co-doped magnetite double-layered ferrofluids.

to a higher wavenumber known as the blue shift phenomenon
(Jafari et al., 2015). The functional group of oleic acid as the first
layer was observed at 1315 and 1377 cm™!, which represented
the C=C from oleic acid (Taufiq et al., 2018). Meanwhile, the
stretching band that represented the carboxyl group (COO~) was
observed at 1456 cm~! (Marinca et al., 2016). The CH, groups
and O—H were observed at the respective wavenumbers of
2854-2922 cm ! (Raees et al., 2020) and 3425 cm™~! (Zafar et al.,
2020). Interestingly, the broadening O—H bond indicated the pres-
ence of hydroxyl functional groups which are strongly contributed
by surfactants. Furthermore, it was observed that the intensity of
O—H functional group fluctuated and tended to have a blue shift
phenomenon, indicating the presence of the coupling of disper-
sants on the surface of ferrofluids. In line with this study, Zhang
and co-workers showed that the intensity of O—H functional group
decreased by the presence of coupling on the surface of materials
(Zhang et al., 2020a). Moreover, the stretching band of DMSO as
the second layer was represented by the S=O identified at 954
and 1018 cm~! (Oh et al., 2017). Finally, olive oil as the carrier lig-
uid was observed from the stretching bands of C—H that repre-
sented conjugation bond at 1094 cm™!, ester (CO) at 1165 and
1236 cm™! (Mosafer et al., 2017), and carbonyl ester (C=0) at
1655 and 1746 cm™! (Tena et al., 2017). The main bond of the olive
oil was the unsaturated bond detected at 3007 cm™! (Taufiq et al.,
2017). Therefore, the selection of the olive oil as carrier liquid was
appropriate to produce a stable ferrofluid using oleic acid and
DMSO as the first and second layers.

The antimicrobial performance of the ferrofluids was repre-
sented by the inhibition zone diameter, as shown in Fig. 6. The
increasing Co?* composition increased the inhibition zone diame-
ter of the ferrofluids. The increased ability of ferrofluids to inhibit
the growth of microbes along with the increased Co?* composition
was attributed to the decrease in the size of magnetic particles.
Theoretically, by decreasing the particle size, the surface area of
the particles surrounding the cell wall gets larger, thus accelerating
the damage of the microbial cells (Choi et al., 2019). The small
magnetic nanoparticles easily penetrate the cell membrane and
react with intracellular oxygen to disrupt the generation of oxida-
tive stress (Nehra et al., 2018). The presence of Co?* can inhibit the
oxidation so that the ROS could play an essential role in killing
microbial maximally. When the ferrofluids attach to the membrane
of the microorganism, it increases the lag phase of the bacterial
growth period, prolongs the reproduction time of the microorgan-
ism, and increases cell division in the microbial cell (Ashour et al.,
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Fig. 6. Inhibition zone diameter of the Co-doped magnetite double-layered
ferrofluids. Three replications were maintained for the experiment.

2018). Furthermore, the increasing antimicrobial performance of
the ferrofluids was also attributed to the free radicals of the super-
oxide and hydrogen peroxide that was produced on the surface of
the materials (Maksoud et al., 2018). Such free radicals penetrate
the cell wall of the microbe and produce cell damage quickly.

The surface modification of the Co-doped double-layered fer-
rofluids also contributed to the inhibition of microbial growth.
Theoretically, magnetic nanoparticles in ferrofluids covered by
positive charges increased interactions with negatively-charged
microbes and produced attractive electrostatic forces between
the particle magnetic and microbes (Taufiq et al., 2020), generating
more effective in inhibiting the microbial growth. In general, the
ferrofluids exhibited more inhibition of E. coli than S. aureus and
B. subtilis, which proves that the electrostatic force plays an essen-
tial role in inhibiting bacterial growth (Li et al., 2019). The electro-
static attraction between the positively-charged magnetic
nanoparticles with negatively-charged Gram-negative bacteria
also contributed to the inhibition of bacterial growth. Interestingly,
although E. coli and S. aureus are both negatively charged, the bac-
terial inhibition performance of the ferrofluids against E. coli was
superior because E. coli has a more negative and less soft surface
than S. aureus (Sonohara et al., 1995). Therefore, the electrostatic
attraction is greater, which ultimately makes it easier for magnetic
nanoparticles to penetrate deeper into the bacterial cell wall. Thus,
the antimicrobial performance of the Co-doped double-layered fer-
rofluids did not differ significantly from the antimicrobial perfor-
mance of each microbial control.

Antimicrobial performance of ferrofluids produced in this
research was also supported by the presence of double surfactants,
which have good antimicrobial performance. The first surfactant in
the form of oleic acid proved effective as an antimicrobial agent.
Yoon and colleagues showed that oleic acid aggregates around
microbial cell groups and interacts with microbial membranes,
which results in malfunction of microbes (Yoon et al., 2018). While
in another report, Chen et al. identified the effectiveness of the
antimicrobial activity of oleic acid against skin infections by S. aur-
eus bacteria. They show that oleic acid has an excellent perfor-
mance so that it can be projected as an antimicrobial agent in
the future (Chen et al., 2011). The second surfactant is DMSO which
also has a high potential as an antimicrobial agent shown by Ansel
and co-workers through exploring the effect of the DMSO compo-
sition on its antimicrobial performance. They found that, as the
DMSO composition increased, the performance in inhibiting the
reproduction of E. coli, P. aeruginosa, and B. megaterium also
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increased (Ansel et al., 1969). Furthermore, in another report, it is
mentioned that pure DMSO has a potential that is reliable and
commonly used as a solvent for antibiotic ingredients (Kirkwood
et al., 2018). In double-layered ferrofluids, the control composition
of each surfactant plays an essential role in its antimicrobial per-
formance. The composition of the first and second surfactants in
the ferrofluid system is not permitted to exceed the composition
of the dispersant or carrier liquid to maintain the optimal antimi-
crobial performance. If the surfactant composition exceeds the
composition of the dispersant or carrier liquid in the double-
layered ferrofluids, then the surfactant, which acts as a coating
for magnetic nanoparticles as fillers, will overlap with the disper-
sant (Saputro et al., 2020).

4. Conclusions

Co-doped magnetite double-layered ferrofluids were success-
fully prepared from natural iron sand. The lattice parameters of
the Co-doped magnetite nanoparticles enhanced with increasing
Co?" from 8.355 to 8.422 A while their particle size was 7-
12 nm. The presence of oleic acid and DMSO as the first and second
layers, and olive oil as the carrier liquid, were observed by infrared
spectroscopy. The saturation magnetization of the samples
decreased with decreasing Co®* from 24.4 to 4.8 emu/g. Fascinat-
ingly, the increasing Co?* composition played an essential role in
enhancing the antibacterial and antifungal activities of the Co-
doped magnetite ferrofluids.
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