Heliyon 6 (2020) e05813

¢ CellPress

Contents lists available at ScienceDirect

Heliyon

Heliyon

journal homepage: www.cell.com/heliyon caress

Synthesis of Fe3s04/Ag nanohybrid ferrofluids and their applications as R

antimicrobial and antifibrotic agents

Check for
updates

Ahmad Taufig®", Rosy Eko Saputro *, Hendra Susanto °, Nurul Hidayat , Sunaryono Sunaryono %,
Tahta Amrillah ¢, Husni Wahyu Wijaya ¢, Nandang Mufti °, Firman Mangasa Simanjuntak

@ Department of Physics, Faculty of Mathematics and Natural Sciences, Universitas Negeri Malang, JI. Semarang 5, Malang, 65145, Indonesia

Y Department of Biology, Faculty of Mathematics and Natural Sciences, Universitas Negeri Malang, JI. Semarang 5, Malang, 65145, Indonesia

¢ Department of Physics, Faculty of Science and Technology, Universitas Airlangga, Surabaya, 60115, Indonesia

9 Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Negeri Malang, JL. Semarang 5, Malang, 65145, Indonesia
¢ Zepler Institute for Photonics and Nanoelectronics, University of Southampton, Southampton, SO17 1BJ, United Kingdom

ARTICLE INFO ABSTRACT

Keywords: To date, the search for creating stable ferrofluids with excellent properties for biomedical application is one of the
Fe304/Ag challenging scientific and practical investigations. In this study, novel Fe304/Ag nanohybrid ferrofluids from iron
Double-layered ferrofluid sand were synthesized using a double-layer method. The Fe304/Ag nanocomposites exhibited stable crystallite
:;lggl;:;:zal sizes of 11.8 12.1 nm and 36.8-37.2 nm for Fe3O4 and Ag, respectively. The lattice parameters of the spinel

structure Fe3O04 and face-centered cubic Ag were respectively 8.344 A and 4.091 A. With increasing Ag amount,
the crystallite phase of Ag in the nanocomposites increased from 40.2% to 77.2%. The XPS results confirmed that
Fe304/Ag nanocomposites were successfully prepared, where Fe304 mixed well with Ag via strong ionic bonding.
The FTIR results confirmed the presence of Fe304/Ag, oleic acid, and dimethyl sulfoxide as the filler, first layer,
and second layer, respectively. The as-prepared ferrofluids exhibited superparamagnetic behavior, where the
saturation magnetization decreased with increasing Ag content. The Fe304/Ag nanohybrid ferrofluids exhibited
excellent antimicrobial performance against Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Candida
albicans. More importantly, the Fes04/Ag nanohybrid ferrofluids decreased the progression of liver fibrosis-

related inflammation and fibrogenic activity on hepatic stellate cells.

1. Introduction

Over the past few years, multifunctional nanohybrid ferrofluids have
aroused remarkable interest because of their unique characteristics,
including excellent magnetic properties of stable liquid phases. Theo-
retically, ferrofluids are stable colloidal suspensions that contain single-
domain magnetic nanoparticles as fillers dispersed in an appropriate
carrier liquid [1]. Ferrofluids are considered smart materials because of
their outstanding combination of features such as flexible flowability,
rapid magnetic response, and tunable optical and thermal characteristics
[2]. Therefore, many researchers in the nanoscience and nanotechnology
fields have developed ferrofluids for use in, for example, hyperthermia
cancer treatments, magnetic resonance imaging contrast agents [3],
antimicrobial agents [4, 5], and liver fibrosis treatments [6].

In biomedical applications, ferrofluids with Fe304 nanoparticles as
the magnetic fillers have been fabricated because Fe3O4 nanoparticles
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exhibit properties superior to those of other materials, such as super-
paramagnetism, a high surface-to-volume ratio, easy magnetic separation
[71, and good biocompatibility. Such fabrication can be found in previous
studies related to the structural modification and synthesis method of
Fe304 nanoparticles [8, 9, 10]. However, Fe3O4 nanoparticles are likely
to agglomerate, resulting in the loss of active surface area and diminished
biomedical performance [11], including antimicrobial and liver fibrosis
treatments. In addition, Fe3O4 nanoparticles have a low ability to pene-
trate bacterial or fungal membranes, which restricts their ability to
inhibit microbial growth [12]. Fe304 nanoparticles also tend to be easily
oxidized, which adversely affects their physical and chemical stability
[13]. Therefore, in the present study, we combine Fe3O4 nanoparticles
with Ag, which exhibits excellent antimicrobial performance, by pre-
paring Fe304/Ag nanocomposites as the fillers in ferrofluids. Ag was
chosen because it can prevent the agglomeration of Fe304 nanoparticles
[14]. Furthermore, the combination of Ag and Fe ions in Fe304/Ag
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hybrid nanocomposites should, in principle, lead to substantial antimi-
crobial activity. The selection of Ag is also based on its superior disin-
fectant properties compared with those of other metals [15]. Hence, the
combination of FegO4 and Ag in the ferrofluids is expected to result in
enhanced ability to inhibit the growth of various bacterial, fungal, and
viral pathogens [16].

Another important issue when preparing ferrofluids is how to solve
the difficulty of maintaining their stability. Ferrofluid stability plays a
critical role in biomedical applications, particularly in their antimicrobial
efficacy and liver fibrosis treatment. A recent study has shown that
increasing the stability of ferrofluids significantly enhances their anti-
microbial performance against Bacillus subtilis, Staphylococcus aureus,
Escherichia coli, and Candida albicans [17]. The classic problem that
causes difficulty in attaining stable ferrofluids is the tendency of Fe3O4 to
agglomerate as a result of van der Waals forces [18], which interfere with
the single-domain formation of magnetic nanoparticles. Thus far, to solve
such problems, extensive effort has been devoted to coating the fillers in
ferrofluids with various surfactants, such as oleic acid [13], other car-
boxylic acids [19], and tetramethylammonium ion [20], using a mono-
layer technique. In principle, surfactants were subject to coat magnetic
nanoparticle fillers so that they remain stable under an external magnetic
field [21]. However, the incorporation of only one surfactant did not
sustain the ferrofluids stability in the long run [22]. The instability of
ferrofluids leads to undesirable effects when they are used in biomedical
applications, including malfunction and reduced antimicrobial perfor-
mance against microbial pathogens [23]. Consequently, long-term sta-
bility of ferrofluids is one of important requirements for their application
in the biomedical field.

The use of ferrofluids in advanced biomedical applications is
considered as a new approach in the detection of liver cancer develop-
ment based on the progression of liver fibrosis and cirrhosis. The mag-
netic nanoparticles, as the main component in ferrofluids, are able to
detect the liver injury-associated hepatic stellate cells (HSC) activity at
different stages of liver fibrosis [24]. The iron oxide nanoparticles
treatment can inhibit liver fibrosis in HSC [25] and induce ferroptosis
[26]. Although the magnetic nanoparticles are potentially great for
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clinical therapies [27], however, there is no adequate report on how
ferrofluids can control the physiological performance of liver-related
fibrosis. Therefore, this present study aims to substantially enhance the
antimicrobial performance and liver fibrosis treatment using stable fer-
rofluids with Fe304/Ag nanocomposite fillers. We prepared Fe3O4/Ag
nanohybrid ferrofluids using respectively oleic acid and dimethyl sulf-
oxide (DMSO) as the first and second surfactant layers. The first layer was
chosen because it is nontoxic, biocompatible, and able to stabilize fillers
to minimize agglomeration [28]. The second surfactant was used to
support the first layer and further enhance the performance of Fe304/Ag
nanocomposite fillers in biomedical applications [29]. In addition, we
developed a simple synthesis method to fabricate Fe3O4/Ag nanohybrid
ferrofluids using an abundant and inexpensive natural resource iron sand
as the main precursor.

2. Experimental methods
2.1. Materials

Iron sand was used as the main source to produce Fe3O4 nano-
particles. Other materials included hydrochloric acid (HCI, 12 M),
ammonium hydroxide (NH4OH, 6.5 M), silver nitrate (AgNO3), polyvinyl
pyrrolidone (PVP), sodium borohydride (NaBH4), sodium hydroxide
(NaOH), oleic acid, and DMSO (14.1 M). All commercial materials were
obtained from Merck in analytical grade and were used without further
purification. Olive oil, which was used as a carrier liquid, was purchased
from Borges.

2.2. Synthesis of Fe304/Ag nanohybrid ferrofluids

The first step in the synthesis of Fe304/Ag nanohybrid ferrofluids was
the preparation of Fe3O4 from natural iron sand. The iron sand was first
washed using distilled water and then dried under sunlight. The dried
sand was filtered and separated using a magnetic bar to obtain Fe3O4
powder. Twenty grams of natural Fe3O4 was reacted with 58 mL of HCL
for 30 min using a magnetic stirrer with a stirring rate at 600 rpm to
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Figure 1. Synthesis scheme of the Fe304/Ag nanohybrid ferrofluids.
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produce a FeCly-FeCls solution. Twenty-five milliliters of NH4OH was
titrated into the solution as it was sonicated in an ultrasonic bath at a
frequency of 420 kHz for 20 min, which resulted in a black precipitate.
The precipitate was washed to obtain Fe304 sediment. Meanwhile, Ag
nanoparticles were prepared by dissolving 0.95 g of PVP into 465 mL of
distilled water using a magnetic stirrer with a stirring rate at 400 rpm.
The solution, labeled as “A”, was inserted into an ice bath and maintained
in the temperature range 5-10 °C. At the same time, 1.2 g of AgNO3 was
added to 10 mL of distilled water and then mixed with solution A in the
ice bath using a magnetic stirrer, resulting in a homogenous solution
labeled as “B”. NaBH4 as a reducing agent and NaOH as a stabilizer were
titrated into solution B until a blackish-brown mixture was obtained. This
mixture was covered with plastic wrap and stored for 24 h to form a
black-grey precipitate. The precipitate was separated from the liquid
using filter paper and then heated at 100 °C in an air atmosphere to
obtain Ag nanoparticles. One gram of Fe3O4 precipitate obtained from
the previous step was added to 50 mL of deionized water and sonicated
for 10 min at a frequency of 400 kHz. Ag nanoparticles (1,1.1,1.2,1.3, or
1.4 g) were then added, and the resultant mixture was stirred for 60 min.
This mixture was then titrated with NaBH,4 while being stirred with a
magnetic stirrer at 90 °C until a pH of 11 was achieved. The reaction
temperature was then lowered to room temperature until the nano-
composite precipitate formed. The precipitate was subsequently washed
until it reached a neutral pH. The precipitates obtained with Ag nano-
particle contents of 1, 1.1, 1.2, 1.3, and 1.4 g were respectively labeled as
FA1, FA2, FA3, FA4, and FAS.

Intensity (a. u.)

10 20 30 40 50 60 70 80
20 (deg)

Figure 2. XRD patterns of the Fe;04/Ag nanocomposites. The amount of Ag
used in the synthesis increased from FA1 to FAS.
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Fe304/Ag ferrofluids were prepared by reacting 1 g of FA1-FA5
samples with 2 mL of oleic acid using a magnetic stirrer at a tempera-
ture of 90 °C for 1 h. The mixture was then cooled to room temperature
and mixed with DMSO, which formed a double surfactant layer. The
obtained products were dispersed in olive oil as a carrier liquid to form
Fe304/Ag nanohybrid ferrofluids and labeled as FF1, FF2, FF3, FF4, and
FF5 according to the respective FA1, FA2, FA3, FA4, and FAS as fillers.
The synthesis process of the Fe304/Ag nanohybrid ferrofluids is shown in
Figure 1.

2.3. Characterization

The crystal structure of the as-prepared samples was investigated
using X-ray diffraction (XRD; PanAnalytical X'Pert Pro) with Cu-Ka ra-
diation (1 = 1.540 Z\) generated at 40 kV and 15 mA; samples were
scanned over the 26 range 10°-80°. The morphology of the samples was
analyzed by scanning electron microscopy (SEM; FEI Inspect-S50). The
surface composition of the samples was evaluated by X-ray photoelectron
spectroscopy (XPS; ULVAC-PHI ESCA1600). The molecular structure of
the ferrofluids was studied by Fourier transform infrared (FTIR) spec-
troscopy (Shimadzu IRPrestige 21) over the wavenumber range
4000-450 cm~!. The magnetic properties were characterized by
vibrating sample magnetometry (VSM; Oxford VSMIL.2H). The antimi-
crobial activities against various bacteria (B. subtilis, S. aureus, and E. coli)
and a fungus (C. albicans) were evaluated using the agar diffusion
method. The in vivo study was approved by Institutional Review Board
Universitas Brawijaya, Malang-Indonesia, with ethics certificate number
1184-KEP-UB/2019. The liver fibrosis model was designed by intraper-
itoneal injection of Balb-C mice strain age eight weeks old and +25 g of
BW with 100 uL. CCly solution (1 mL CCly: 3 mL corn oil). The established
dosage was 1 uL/g bodyweight of each mice for 6 weeks of treatment.
The experimental group was treated with the same volume of ip. injection
with the combination of Fe304/Ag nanohybrid ferrofluids with serial
dilutions. The blood samples were acquired from the intra-orbitalis area
and stored within heparin tube collection. The samples were then
analyzed for the serologic assays of the liver injury marker (ALT and AST)
concentration.

3. Results and discussion

The XRD patterns of the Fe3O4/Ag nanocomposites FA1-FA5 are
depicted in Figure 2. The phase identification showed that the Fe304 and
Ag were formed in the spinel crystal structure and face-centered cubic,
respectively. The quantitative crystal-structure analysis was carried via
the Rietveld refinement method using AMCSD 0002400 for Fe3O4 and
AMCSD 0013120 for Ag as the crystal structure models. The diffraction
intensity of the FegO4 peaks, as depicted in Figure 2, is lower than that of
the Ag peaks. Wang et al. attributed such a difference in peak intensity to
the Ag content being greater than the Fe304 content [30]. However, Qi
and coworkers observed very different intensities of Fe3O4 and Ag, and
they attributed the difference in intensity to the Ag nanoparticles being
aggregated and unevenly distributed [31]. The patterns in Figure 2
include several peaks that indicate the formation of Fe304 at 30.2°, 35.7°,
54.4°, and 58.0°, which are respectively indexed to the (220), (311),
(422), and (511) planes of Fe3O4 [32]. However, the intensity of these
peaks gradually decreases with increasing Ag content. The characteristic
peaks of Ag at 38.3°, 44.3°, 64.6°, and 77.3° (corresponding to the (111),
(200), (220), and (311) planes of Ag, respectively) were also observed
[33]. Given the existence of the characteristic peaks of both Fe304 and
Ag, we concluded that Fe304/Ag particles were successfully synthesized.

On the basis of the data analysis results, with increasing addition of
Ag, the phase composition of Ag increased from 40.2% + 6.2% (FA1) to
55.8% + 7.6% (FA2), 59.4% + 7.9% (FA3), 67.7% =+ 7.9% (FA4), and
77.2% + 8.4% (FAS5). The crystallite size obtained by the well-known
Scherrer approach from the XRD diffraction data. Our results revealed
that the crystallite sizes of Fe304 and Ag are respectively around 11.8 £+
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Figure 3. SEM micrographs of the Fe304/Ag nanocomposites. The samples vary by the amount of Ag added during the synthesis.

0.2-12.1 + 0.5 nm and 36.8 + 1.3-37.2 & 1.8 nm. In this regard, Quynh
and colleagues reported that the particle size of a Fe3O4/Ag nano-
composite increased from 15 to 50 nm with increasing Ag content [34].
In addition, the lattice parameters tended to be stable, with values of
8.344 + 0.002 A for Fe30, and 4.091 + 0.004 A for Ag. Thus, increasing
the Ag content in the Fe304/Ag nanocomposites did not change the lat-
tice parameters or the particle size.

The surface morphology of the Fe304/Ag nanocomposite particles
was determined through SEM observations (Figure 3). The SEM micro-
graphs show that the particles tended to agglomerate, presumably
because of strong interparticle forces due to the high surface-area-to-

volume ratio of the nanoparticles [35]. Consequently, primary and sec-
ondary particles tend to form relatively large particle clusters to become
more stable [36].

XPS spectra of the Fe304/Ag nanocomposites are shown in Figure 4 to
support our conjecture that the high-quality samples were synthesized.
The presence of Fe304 was indicated by peaks at a binding energy of 711
eV, which are assigned to Fe?*, and at binding energies of 714 eV and
727 eV, which are assigned to Fe>*, in the Fe 2p XPS core-level spectra
(left panel in Figure 2) [37, 38]. Interestingly, the absence of a peak
characteristic of Fe®" ions in Fep03, which would appear as a satellite
peak at ~719 eV, confirms that pure Fe304 was obtained [39]. Moreover,
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Figure 4. XPS spectra of the Fe304/Ag nanocomposites FA1-FA5: (a) Fe 2p, (b) Ag 3d, and (c) O 1s core-level spectra.

the presence of Ag was confirmed by the Ag™ peaks at binding energies of
369 and 376 eV and Ag® peaks at binding energies of 373 and 379 eV in
the Ag 3d XPS core-level spectra (middle panel of Figure 2) [40]. Finally,
peaks representing 02~ were observed at a binding energy of 534 eV in
the O 1s XPS core-level spectra (right panel of Figure 2) [41].

The XPS core-level spectra of Fe 2p, Ag 3d, and O 1s vary with the Ag
content. The signal strength of the peaks in the Fe 2p XPS core-level
spectra decreases with increasing Ag content, which indicates that the
Fe304 mixed well with the Ag to forms a composite nanoparticle while
keeping most of the chemical composition intact. In addition, all XPS
peaks have slightly shift due to the variation of Ag composition. This
suggests that the interfacial surface charge distribution has changed and
indicates the formation of a charge-transfer complex as well as a strong
interaction between the Fe3O4 and Ag [42]. In the case of samples with a
high Ag content, clear separation of the Ag™ and Ag® peaks was observed

in Ag 3d XPS core-level spectra, accompanied by a shift of the peaks in the
O 1s XPS core-level spectra toward lower binding energies. We attribute
this phenomenon to strong intermixing of the Fe and Ag ions in the
samples with a high Ag content. In summary, the XPS results indicate the
successful preparation of Fe304/Ag nanocomposites in which Fe3O4
nanoparticles interact with Ag via strong ionic bonding.

The molecular structure of Fe304/Ag ferrofluids was analyzed on the
basis of their FTIR transmission spectra, as shown in Figure 5. The peaks
of the fillers in the ferrofluids appeared at 451 and 707 cm ™, which are
associated with Fe-O bonds involving Fe ions in octahedral and tetra-
hedral sites, respectively [43]. Meanwhile, peaks of functional groups of
Ag were detected at 1652 em ! (N-Ag) and 3002 cm ! (C-Ag) [44].
Oleic acid as the first layer was detected by the appearance of a C=C
vibration at 1312 cm™! [13], carboxyl group (COO™) vibrations at 1401
and 1444 cm ! [45], and CH, vibrations at 2849 and 2910 em ™! [46]. In

%Transmittance (a. u.)

3500

1 ]
3000 2500 2000

5

1500
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Figure 5. FTIR spectra of the Fe304/Ag ferrofluids.
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Figure 6. Fitted magnetization curves for the Fe304/Ag ferrofluids. The black line and red line represent the respective experimental data and fitting model using

Langevin equation.

addition, DMSO as the second layer was detected by the appearance of
peaks of S=0 vibrations at 941 and 1022 em ™! [47]. Interestingly, the
peaks of the functional groups of the olive oil used as a carrier liquid
overlapped those of the functional groups of oleic acid. This observation
is explained by the fact that oleic acid is the main constituent in olive oil.
According to Giacintucci and colleagues, the oleic acid content of olive
oil can be as high as 83% [48]. Thus, the FTIR results show that Fe304/Ag
ferrofluids were fabricated successfully, as indicated by the identification
of all of the functional groups of their components.

The magnetization curves of the Fe304/Ag ferrofluids and their fitting
analysis are shown in Figure 6. The curves show that the as-prepared
Fe304/Ag ferrofluids exhibit superparamagnetic character, as indicated
by the hysteresis curves, which resemble the letter “S” and have a very
small coercivity field [49]. Furthermore, when compared with the hys-
teresis curves of magnetic samples in general, the curves obtained in the
present study are less smooth. This lack of smoothness is attributed to all
of the components of the ferrofluid, including the surfactants and

dispersants, vibrating when the samples are measured by VSM. Conse-
quently, the surfactants and dispersants, which are nonmagnetic mate-
rials, contribute to the instability of the curve, resulting in a hysteresis
curve that is not smooth. The fitting analysis was performed by using the
Langevin equation, as shown in Eq. (1) [50]:

. AW
wnfomf() ()

where M is the magnetization, M is the saturation magnetization, y is the
magnetic moment, H is the magnetic field (T), kg is the Boltzmann con-
stant, and T is the temperature. In general, the Langevin equation (solid
red lines in Figure 6) well fit the magnetization data (solid black lines).

The data analysis results show that the saturation magnetization of
the Fe304/Ag ferrofluids decreased from 0.046 + 0.007 to 0.010 + 0.002
emu/g with increasing Ag content, which is a nonmagnetic material. A
similar decrease was observed for the material coercivity field. Tung and
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Figure 7. Inhibition zone diameter of the Fe304/Ag ferrofluids against fungus C. albicans and bacteria B. subtilis, S. aureus, and E. coli.

coworkers reported similar results, where the saturation magnetization
decreased from 55.35 to 52.98 emu/g [14], accompanied by a decrease
in the coercivity field, which decreased from 0.0027 + 0.0007 to 0.0011
+ 0.0002 T as well as the remanence which decreased from 0.037 +
0.006 to 0.010 + 0.002 emu/g. The decrease in saturation magnetization
results in a decrease in the magnetic moment of the material, where the
material becomes more quickly oriented with an external magnetic field.

_‘:\\ 3 )‘ P Fe;0,/Ag ferrofluids
AN
XY /=0 -l
i % -~ / ; \\
/

Protein denaturation

The saturation magnetization of the ferrofluids was very small-
—substantially smaller than that of Fe3O4 bulk (~90 emu/g) [51]. Other
previously reported saturation magnetization values include 50.53
emu/g for Fe304/Ag microspheres [52] and 64 emu/g for Fe3O4/Ag
nanocomposites [53].

The antimicrobial activity of the Fe304/Ag ferrofluids against fungus
C. albicans and bacteria B. subtilis, S. aureus, and E. coli was investigated
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Figure 8. Mechanism of bacterial destruction by the Fe304/Ag ferrofluids.
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Figure 9. Mechanism of fungal destruction by the Fe304/Ag ferrofluids.

by the agar diffusion method, as shown in Figure 7. With increasing Ag
content, the diameter of the inhibition zone of the Fe304/Ag ferrofluids
increased, indicating an increase in antimicrobial performance. The re-
sults indicate that increasing Ag content plays an essential role in dis-
rupting microbial growth. Tung et al. explained that not only Fe?* and
Fe3' but also Ag" are released, generating positively charged Fez04/Ag
[14]. Furthermore, the electrostatic attraction between microbial cell
walls and Fe3O4/Ag increases because the microbial cell walls are
negatively charged, leading to a large density of Fe304/Ag attached to
the surface of the cell membrane. The nanometric dimensions of the
particles enhance their specific surface area, enabling a large contact area
between the Fe304/Ag and the microbial cell membranes. Ye and co-
workers explained that nanoparticles more easily penetrate microbial
pores [54]. Interestingly, in the ferrofluid system, the Fe3O4/Ag more
easily disrupts cellular construction, resulting in cell death because fer-
rofluids more easily dissolve the outer envelope of the microbial cell
walls. Furthermore, reactive oxygen species (ROS) contained in metal
oxides release and attack the microbial nucleus and pathogenic DNA
[551.

In the present study, the use of ferrofluids contributed to superior
antimicrobial performance. The proposed mechanisms of destruction of
the bacteria and fungus are presented in Figures 8 and 9; the antibacterial
mechanism is based on that of Roy et al. [56], and the antifungal
mechanism is based on that of Rai et al. [57]. Theoretically, the surface
charge of nanoparticles containing ROS in the form of superoxide ions
surrounded by surfactants becomes positive. By contrast, the charge
around the surface of microbes is negative, which results in electrostatic
attraction between the nanoparticles and microbes. Furthermore, ROS
produced by fillers in ferrofluids easily enter microbial pores, thereby
enhancing destruction of the microbial cell nucleus and pathogenic DNA.
The antimicrobial ability of the samples was supported by the dis-
infecting capability of the Ag nanoparticles [58]. In a complex process,
the antimicrobial activity of the Fe304/Ag ferrofluids and their ions

caused the release of Fe?t, Fe>", and Ag" ions, which generated free
radicals that subsequently induced oxidative stress associated with the
presence of ROS.

Determining whether the Fe304/Ag ferrofluids are more effective as
antimicrobial agents than Fe304/Ag powders is important. Taghizadeh
et al. reported that Fe3s04/Ag nanopowders exhibited inhibition zone
diameters of approximately 8-10 mm against S. aureus and 9-10 mm
against E. coli [59]. In a similar study, Yong and coworkers showed that
nanocomposites of Feg04/Ag coated with ethylenediamine -chito-
san/polyacrylic acid exhibited inhibition zone diameters of 8.4 mm
against E. coli and 9.6 mm against S. aureus. Furthermore, Hassiba et al.,
who successfully modified Ag nanoparticles with various polymers, re-
ported an inhibition zone diameter of approximately 16 mm against both
E. coli and S. aureus [60].

The baseline characteristics of serum liver injury marker showed in
Figure 10 and Figure 11. Fascinatingly, the application of Fe3O4/Ag
ferrofluids with a serial dilution of magnetic and silver nanoparticles
significantly decreases the circulating level of ALT and AST compared to
CCly4 groups. The feature of this ferrofluids exposure linear to the placebo
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Figure 10. Plasma level of Alanine Aminotransferase (ALT) after CCltreat-
ment. *Significant different vs control group with p-value < 0.05.
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Figure 11. Plasma level of Aspartate Aminotransferase (AST) after CCl, treat-
ment. *Significant different vs control group with p-value < 0.05.
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contributor to liver fibrosis is HSCs [64]. Hence, these cells play a pivotal
role in the pathogenesis of liver fibrosis. The development of liver fibrosis
management is strongly supported by magnetic nanoparticles-based
therapy [65, 66, 67]. Currently, most liver fibrosis treatment is based
on iron oxide nanoparticles [68]. Besides, the hybrid nanoparticles can
also be applied for liver fibrosis diagnosis and treatment. However, the
limitation of our in vivo study remains. The baseline data of animal
model pre-treated by CCly and Fe304/Ag ferrofluids cannot provide
complete information-associated histological changes. The alteration of
liver structure and ECM accumulation should be confirmed as the sup-
porting data to ensure that these ferrofluids potential as nanodrugs
candidate against liver fibrosis. Also, the molecular mechanism on how
ferrofluids can inhibit the progression of liver fibrosis is not fully eluci-

1 inflammation
1 Hepatocyte Degeneration
1 Oxidative stress

Figure 12. The hypothetical framework of the Fe304/Ag ferrofluids activity in liver fibrosis development.

data in which the combination treatment of CCly and the ferrofluids
reduced the elevating levels of ALT and AST. This data implies that the
application of the ferrofluids can prevent the gradual changes of physi-
ological stress within the parenchymal cells of the liver. However, the
underlying of this mechanism still not fully elucidated. The underlying
mechanism on how CCly induce liver fibrosis has shown in Figure 12.
Pre-treatment of the animal model with CCl4 will trigger the liver injury-
related chronic inflammation. CCly within the liver organ will be
metabolized into the new reactive form CCls by cytochrome P450. As a
result, the production of reactive oxygen species significantly increased
results in a higher level of pro-inflammatory cytokine release and
oxidative stress. In line with the higher level of ROS and pro-
inflammatory cytokine, the hepatocyte progress to apoptosis while the
activation of HSCs enhanced an excess ECM. Thus, the liver has devel-
oped to severe fibrosis, steatosis, and showed as in irregular shape.

In general, the application of Fe3O4/Ag ferrofluids significantly re-
duces the level of ALT and AST in our liver fibrosis model. We hypoth-
esized that the combination treatment of CCly and Fe304/Ag ferrofluids
could decrease the progression of liver fibrosis-related inflammation and
fibrogenic activity on hepatic stellate cells (HSCs). Importantly, deregu-
lated inflammation is the primary target of liver fibrosis prevention. Liver
fibrosis was established as the first enhancer in the early stage of hepa-
tocellular carcinoma development. The chronic inflammation incidence
within the liver leads to improve extracellular matrix (ECM) remodeling
progress to severe fibrosis [61]. The activation of pro-inflammatory cells
and HSCs will trigger liver failure. The excessive ECM induces liver
stiffness and may affect another organ in the body.

Nowadays, the clinical and translational investigation is addressed to
a novel invention for liver fibrosis treatment. The investigator tried to
focus on reducing inflammation dan develop new drugs that effectively
regulate connective tissue in the liver [62, 63]. Interestingly, the primary

dated. Therefore, further study could be addressed to this related issue to
fully understood the primary contribution of ferrofluids to liver
fibrosis-HCC development.

4. Conclusions

Double-layered Fe304/Ag nanohybrid ferrofluids were fabricated
using a simple synthesis approach. All of the samples exhibited pure
phases of Fe304 and Ag without impurities and exhibited stable crystal-
lite sizes of 11.8-12.1 nm for Fe3O4 and 36.8-37.2 nm for Ag. The
crystallite phase increased from 40.2% to 77.2% with increasing Ag
content. XPS results indicated strong ionic interaction between Fe3O4
and Ag. Moreover, the XPS results suggested that the Fe304 mixed well
with the Ag to forms a composite nanoparticle while keeping most of the
chemical composition intact. The existence of Fes04/Ag, oleic acid, and
DMSO as the filler, first layer, and second layer was detected by FTIR. The
saturation magnetization of the Fes04/Ag nanohybrid ferrofluids
decreased with decreasing Ag content and indicated superparamagnetic
behavior. Interestingly, the as-prepared Fe304/Ag nanohybrid ferrofluids
demonstrated excellent antimicrobial performance. The prepared Fe304/
Ag ferrofluids significantly reduced the level of ALT and AST in the liver
fibrosis model and decreased the progression of liver fibrosis-related
inflammation and fibrogenic activity on hepatic stellate cells.
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