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A B S T R A C T

In this study, we report the synthesis of the magnetite/silica nanocomposites and their structural and functional
groups, magnetic properties, morphology, antimicrobial activity, and drug delivery performance. The X-ray
diffraction characterization showed that magnetite formed a spinel phase and that silica formed an amorphous
phase. The particle sizes of magnetite increased from 8.2 to 13.2 nm with increasing silica content, and the
particles were observed to be superparamagnetic. The nanocomposites tended to agglomerate based on the
scanning electron microscopy images. The antimicrobial activity of the magnetite/silica nanocomposites revealed
that the increasing silica content increased the inhibition zones by 74%, 77%, and 143% in case of Gram-positive
bacteria (B. subtilis), Gram-negative bacteria (E. coli), and fungus (C. albicans), respectively. Furthermore, doxo-
rubicin was used as the model compound in the drug loading and release study, and drug loading was directly
proportional to the silica content. Thus, the increasing silica content increased the drug loading owing to the
increasing number of OH� bonds in silica, resulting in strong bonds with doxorubicin. Based on this study, the
magnetite/silica nanocomposites could be applied as drug delivery vehicles.
1. Introduction

The incidence of cancer has been rapidly increasing in recent years
and is currently considered to be a major global health threat [1]. More
than 10 million cases of cancer are identified every year, and the pre-
dictions of the World Health Organization indicate that cancer will result
in 13.1 million annual deaths by 2030 [2]. Further, various cancer
treatment methods, such as radiation, chemotherapy, diagnostic treat-
ment, and surgical intervention, have been developed to increase the
survival rate. However, many of these methods, especially chemo-
therapy, affect other normally functioning organs owing to the applied
therapeutic agents [3]. In addition, the chemotherapy drug agents harm
the normal tissues because of their excessively high dosages [2]. Targeted
drug delivery using nanoparticles as a platform would be very useful to
prevent adverse effects from cancer treatment [4, 5].

Generally, materials used to develop drug delivery platforms include
polymers, organic and magnetic materials, or a combination of them.
These materials are subsequently combined with the cancer drug for
targeted release in a cancerous environment [6, 7]. Currently, the most
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commonly used drug delivery platform is magnetite (Fe3O4) [8,9].
Magnetite is an oxide of iron and is the most commonly used material for
medical applications because it is biocompatible as well as biodegradable
and its surface modification is facile [10]. Magnetite nanoparticles have
been extensively applied as magnetic scaffolds [11] for genetic material
delivery [12], cell therapy [13], magnetic resonance imaging [14], and
drug delivery [15]. Until now, magnetite has been synthesized using
expensive precursors or raw materials. Therefore, in this study, the pre-
cursors used to synthesize magnetite have been obtained from abundant
natural resources in the form of iron sand, which is significantly cheaper
when compared with the commercial chemical precursors and reduces
the production costs. However, the magnetite nanoparticles are unstable
in air and agglomerate easily after their synthesis, significantly
decreasing its magnetism and dispersibility. Therefore, the magnetite
nanoparticles require further functionalization and modification with
additional materials, including silica, polymers, carbon, luminescent
materials, or other metal oxide absorbent materials [12].

Numerous methods have been developed to synthesize magnetite. For
instance, Massart successfully synthesized magnetic nanoparticles to
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produce magnetic fluids by the coprecipitation method in alkaline and
acidic media using commercial ferric chloride and ferrous chloride as
main precursors [16]. Kim et al. synthesized magnetite using the sol-
vothermal method to scale up the close-packed superstructure of nano-
materials [17]. Further, other methods, including sol–gel–hydrothermal
[18], wet chemical reduction [19], thermal decomposition [20], and
St€ober [21, 22], have been successfully applied. However, the precursors
used until now to synthesize magnetite were commercially available at
high prices. Therefore, in this study, we formulated a more comfortable
and cheaper synthesis method using natural materials in the form of iron
sand.

In particular, silica was used for the functionalization of magnetite to
develop a drug delivery system by maintaining nanoparticles in the so-
lution state and increasing drug retention. Compared with pure magne-
tite, the incorporation of silica in a composite system results in improved
bioaffinity and dispersion performance [23]. Moreover, the silica surface
is chemically stable and biocompatible and can be easily functionalized
for bioconjugation [24]. Silica coating of materials has been successfully
applied in the fields of optics, erosion resistance, biosensing, biocatalysts,
and biomedical devices [25, 26, 27, 28, 29]. Silica is not only a stabilizing
factor but also provides sites for surface treatment with various ligands
that are susceptible to the development of a drug delivery vehicle [26].
Among the advantages of the silica adding process, a relatively stable
interface bond energy can be established using the nanoparticle core
[30]. Silica can increase the nanoparticle solubility and stability of the
drug delivery system toward the penetration of the cancer cell through
the permeability effect and remain within the cancer cell because of its
small size and small-volume pore and its large surface [31]. Further, the
utilization of magnetite/silica in a composite system is advantageous
because the size of the particles can be easily controlled, avoiding
enhanced permeability and retention in the body [23]. In addition, under
the external magnetic field, the drug loaded in the nanoparticles pre-
cisely reaches the target and improves the drug utilization performance
[30]. Thus, the addition of silica to magnetite is considered to be the
appropriate alternative to develop novel drug delivery systems. Doxo-
rubicin hydrochloride (Dox) is a frequently used cancer drug. Dox is an
anthracycline-based anticancer agent that can be used to treat various
types of cancer [32]. However, Dox exhibits limited application owing to
its toxicity in case of normal tissues, and the Dox degradation product is
released into the fluid stream of the body, increasing the overall risk to
the patient. Therefore, in terms of bioavailability, Dox has not fulfilled
the clinical administration requirements [33]. Based on the perspective
of environmental risk, it is necessary to control the release of Dox;
furthermore, the efficient site-specific release of Dox on the target
Figure 1. Schematic synthesis of the
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(cancer cell) is required to decrease the overall risk to normal body
tissues.

Controlled Dox release has been successfully implemented previously
using magnetite/silica. Previous studies have successfully considered the
effects of various anticancer drugs, including Dox and paclitaxel (PTX),
on magnetite/silica by controlling the pH of the solution. The efficiency
and toxicity of the samples were also evaluated [34]. However, quanti-
tatively, the resulting nanoparticle size was larger than 200 nm. There-
fore, its use as an anticancer agent was limited because of the large size of
the resulting particle [35]. Along with efficient drug loading and release,
the particle size is a necessary requirement to obtain an ideal drug car-
rier. Hence, it is necessary to develop a simple nanoparticle synthesis
method that can be used to generate small-sized products.

This study employed a simple coprecipitation method to synthesize
magnetite and the sol–gel method to synthesize magnetite/silica nano-
composites. Compared with other methods, the sol–gel method can easily
control the thickness of the silica shell, obtaining an excellent product
shape [36]. In addition, this method is more time-efficient and can pro-
duce a more homogeneous and controlled surface when compared with
the organosilane formation in magnetite [37]. Furthermore, a natural
resource in the form of iron sand was employed as the leading source for
the synthesis of the magnetite particles to reduce the synthesis cost. A
schematic of the synthesis, drug loading, and drug release of the devel-
oped magnetite/silica nanocomposites is presented in Figure 1.

2. Materials and methods

Iron sand was obtained from Tulungagung Beach, Indonesia. Hydro-
chloric acid (HCl, 38%), ammonium hydroxide (NH4OH, 25%), ethanol,
doxorubicin, and tetraethyl orthosilicate (TEOS) were purchased from
Sigma-Aldrich. The phosphate buffered saline (PBS) solution (Merck),
distilled water, and deionized water were of analytical grade. Magnetite
nanoparticles were synthesized via coprecipitation. In brief, the natural
iron sand was washed using distilled water and was subsequently dried in
the sun. The dry sand was then sifted to isolate the finest sand.
Furthermore, the iron sand was extracted using a permanent magnet to
separate impurities from the iron sand such as titanium, silica, calcium,
and vanadium from iron sand to obtain the Fe3O4 powders with the
purity of 99.5% [38]. In the next phase, iron sand (20 g) was diluted in
HCl (58 ml) and stirred using a magnetic stirrer for 20 min to produce
FeCl2 and FeCl3 solutions. The obtained solution (15 ml), which con-
tained FeCl2 and FeCl3, reacted with ammonium hydroxide (20 ml) at
room temperature. The mixture was stirred using a magnetic stirrer at
720 rpm for 35 min until a black magnetite nanoparticle precipitate was
magnetite/silica nanocomposites.



Table 1. Elemental composition of the magnetite/silica nanocomposites by XRF.

Element FS1 (wt%) FS2 (wt%) FS3 (wt%) FS4 (wt%)

Si 7.4 � 0.2 7.9 � 0.5 28.3 � 1.2 31.4 � 1.8

Fe 92.6 � 1.5 92.1 � 1.5 71.7 � 0.9 68.6 � 0.7
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formed. The black precipitate was washed using distilled water until a
neutral pH was achieved. The black precipitates were collected using a
filter paper to obtain magnetite nanoparticles, which were then dispersed
into 50 ml of deionized water for further usage. The magnetite nano-
particles were subsequently modified using TEOS sequentially through
the sol–gel method. The magnetite nanoparticle solution (20 ml) was
added to ethanol (50 ml) and homogenized using the ultrasonication
technique. The mixture reacted with ammonium hydroxide (4 ml) upon
stirring for 30 min before the addition of TEOS (2 ml). In this study, the
volume of TEOS varied for FS1 (2ml of TEOS), FS2 (5ml of TEOS), FS3 (8
ml of TEOS), and FS4 (11 ml of TEOS). The generated precipitate was
washed using distilled water and ethanol several times. Subsequently, the
obtained precipitate was filtered using a filter paper and heated to 80 �C
for 2 h to obtain the magnetite/silica nanocomposite particles as the final
product.

The obtained magnetite/silica nanocomposite particles were studied
spectroscopically for their identification and property characterization.
The formed crystal structure was investigated by X-ray diffraction (XRD)
analysis, whereas the chemical composition was examined via X-ray
fluorescence (XRF) spectroscopy. Fourier-transform infrared (FTIR)
spectroscopy was conducted to explore the formed chemical bonds.
Scanning electron microscopy (SEM) and energy dispersive X-ray
analyzer (EDX) were employed to investigate the morphology and
elemental composition of the samples. Furthermore, a vibrating sample
Figure 2. XRD patterns of the magnetite and amorphous silica.

Figure 3. XRD patterns of the magnetite/silica nanocomposites.
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magnetometer (VSM) was used to study the magnetic properties of the
samples. To examine their potential applications with respect to the
biomedical field, the response of the obtained nanoparticles to malig-
nant pathogens was investigated. The antimicrobial (antibacterial and
antifungal activities) characterization of the obtained nanocomposites
was performed using a diffusion method. The apparent zone diameter
was measured to identify the response of the nanoparticles toward
microbial growth inhibition. The microbes used in this work included
Gram-positive bacteria (B. subtilis), Gram-negative bacteria (E. coli), and
C. albicans. Each sample was prepared by dissolving magnetite/silica
(0.5 g) in DMSO (10 ml). The mixture was stirred using a magnetic
stirrer for 10 min to obtain a homogenous solution. The mixed nano-
composites and DMSO (5 μl) were injected into suitable holes with a 5-
mm diameter and 4-mm depth, which were inoculated with bacteria
and incubated for 24 h. A similar process was also applied for the
antifungal characterization of C. albicans. However, the medium used
was Saboround Dextrose Agar.
Table 3. Characteristic chemical bond vibrations of the magnetite/silica
nanocomposites.

Sample Functional group Wavenumber (cm�1) References

Magnetite Fe–O stretching 459–500 [40, 45, 46]

O–H stretching 3294–3464 [45, 46, 47, 48]

C–O vibration 2360 [49, 50]

Silica Antisymmetric
Si–O–Si vibration

1078–1086 [42, 51, 52]

Symmetric stretching
Si–O–Si vibration

950 [42, 51, 52]

Magnetite/silica
nanocomposites

Fe–O–Si vibration 541–575 [42, 48]

H–O–H 1645 [42]

Figure 4. FTIR spectra of the magnetite/silica nanocomposites.

Table 2. Particle size of Fe3O4 in the magnetite/silica nanocomposites.

Parameter Magnetite FS1 FS2 FS3 FS4

Particle size (nm) 8.2 � 0.2 8.9 � 0.2 9.9 � 0.2 12.9 � 0.3 13.2 � 0.4
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In the drug loading experiment, magnetite/silica nanocomposites
(20 mg) were added to a 10-ml solution containing 3 mL of Dox (0.5 g/
mL) and 7 mL of PBS solution, followed by stirring for 8 h at a speed of
700 rpm in the dark. The Dox-loaded nanoparticles (Magnetite–Dox)
Figure 5. (a) SEM images, (b) EDX spectra, and (c) particle size distributions of the
represent the elemental contents (Si, O, and Fe) of the magnetite/silica nanocompos
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(NPs þ Dox þ PBS) were centrifuged at 6000 rpm for 20 min, and the
generated supernatant was eliminated to observe the unloaded Dox via
UV-Vis spectroscopy. The initial reaction solution was characterized by
UV-Vis and analyzed at 480 nm. The centrifugation pellet contained
samples FS1, FS2, FS3, and FS4. The SiKa, OKa, FeKa, FeLa, FeKb, and FeKesc
ites.



Figure 6. Hysteresis curves of the magnetite, silica, and magnetite/silica
nanocomposites.
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Dox-loaded nanoparticles and was used for release characterization.
For the in vitro release of the Dox experiment, a PBS solution was
prepared to simulate the body-tissue liquid. In particular, magnet-
ite–Dox (5 mg) was dispersed into PBS (7 ml) and stirred at 720 rpm at
different time intervals. A 3-ml solution inside the release medium was
characterized using UV-Vis and subsequently analyzed at a wavelength
of 480 nm. Furthermore, a 3-ml fresh PBS solution was added to the
solution to serve as a substitute for the 3-ml solution and maintain the
total volume.

3. Results and discussion

The phase and purity of the samples were characterized using XRD
analysis. Figure 2 depicts the pure phase of magnetite and amorphous
silica before combining them. All the magnetite diffraction peaks
(30.36�, 35.44�, 43.27�, 57.59�, and 62.95�) could be observed at hkl
fields of (220) (311) (400) (511), and (440), respectively. The single
phase of magnetite has a spinel cubic structure with a fd-3m space group
based on AMCSD No. 7766. The XRD peak of silica was observed at 2θ ¼
22�–28� and identified to be amorphous silica. In this study, no signifi-
cant changes were observed in case of the magnetite peaks after silica
was added as shown in Figure 3. However, a new peak was identified at
2θ ¼ 22�–27�, indicative of the presence of amorphous silica. Similar
changes were observed in the previously obtained XRD patterns [39, 40].

Based on the elemental composition analysis (Table 1), the magnetite
nanoparticles were combined with 7.4–31.4 wt% of Si. The silica
diffraction peak was not visible in case of samples with low Si content
(7.4–7.9 wt%). The slow addition of TEOS encouraged the growth of an
extremely thin silica layer on the magnetite surface. With the addition of
more TEOS, more silica was formed on the magnetite particles, which
was observed as an increasing diffraction peak corresponding to amor-
phous silica [41, 42].

Furthermore, the particle size of magnetite before and after the
addition of silica, which constituted the magnetite/silica nano-
composites, was calculated. The silica particle size could not be measured
because the natural silica nanoparticles were amorphous. However, a
quantitative estimation of the nanocomposite particle size was deter-
mined using the scanning electron microscopy (SEM) results based on the
particle size distribution. The particle size (D) of magnetite can be
calculated using the Debye–Scherrer equation (Eq. 1):

D¼ 0:9λ=β cos θ (1)

where λ is the wavelength of the X-ray radiation, θ is the diffraction
angle, and β is the full width at half maximum of the peak. The calcu-
lation results denoted a particle size of approximately 8.2–13.2 nm, as
shown in Table 2. Furthermore, other researchers, such as Karimi et al.,
synthesized magnetite/silica nanocomposites using commercial pre-
cursors and obtained particle sizes of approximately 80–108.5 nm [43].
Stjerndahl et al. obtained similar nanocomposites using a microemulsion
method and obtained a particle size of approximately 56 nm [44].

Figure 4 depicts the FTIR spectra of the magnetite/silica nano-
composites with various silica concentrations. The characteristic vibra-
tions for the chemical bonds in magnetite, silica, and the magnetite/silica
nanocomposites are presented in Table 3. The following characteristic
FTIR peaks of magnetite were observed. The Fe–O stretching vibration
was observed at 459–500 cm�1, the O–H vibration was observed on the
magnetite surface at 3294–3464 cm�1, and the C–O vibration was
observed at 2360 cm�1. The vibrations of Si (–O–Si, Si–O, and Si–O–Fe)
confirmed the existence of silica in the samples. The antisymmetric vi-
bration of Si–O–Si was observed at 1086 cm�1, whereas the symmetric
stretching vibration of Si–O–Si was observed at 950 cm�1. The charac-
teristic peak of the magnetite/silica bond, i.e., Fe–O–Si, was detected at
541–575 cm�1. Interestingly, the penetration of the silanol group into
samples indicated the successful formation of the silica/magnetite
5

nanocomposites. In this study, water was detected in the samples with an
H–O–H stretching peak at approximately 1645 cm�1 [42].

The SEM images, EDX spectra, and particle size distributions of the
magnetite/silica nanocomposites are presented in Figure 5. EDX char-
acterization of the samples confirmed the existence of the Fe (FeKa, FeKb,
FeLa, and FeKesc), Si (SiKa), and O (OKa) atoms. The weight percentage
of the Si contents in FS1 and FS2 was 12.8 and 13.4 wt%, respectively,
whereas in FS3 and FS4 was 29.3 and 32.1 wt%, respectively. The EDX
spectra of the samples at energies of 7 and 4.5 keV presented the peak
intensities of FeKb [53, 54], FeKesc/TiKa [55], respectively. The pres-
ence of Ti in the samples originating from small impurities from iron sand
as the main precursor [56]. Based on Figure 5, it was also known that the
increasing TEOS composition tended to increase the particle size of the
magnetite/silica nanocomposites. The increasing TEOS composition as
the main source of silica increased the silica composition in the mag-
netite/silica nanocomposites. The quantitative analysis for the SEM im-
ages using lognormal distribution model revealed that the average
particle sizes of the samples were of 21.3 � 0.8, 22.5 � 0.3, 28.3 � 0.6,
and 30.0 � 0.8 nm for the respective FS1, FS2, FS3, FS4 samples. Visu-
ally, all samples tended to agglomerate originating from the surface
interaction and magnetic forces of the nanoparticles [32].

The hysteresis curves were obtained using VSM to determine the
magnetic properties of the samples are shown in Figure 6. Interestingly,
in the magnetite, FS1, FS2, FS3, and FS4 samples, the remnant magne-
tization and coercivity field were approximately zero and demonstrated
typical superparamagnetic properties [33, 46]. The hysteresis curves,
which were fitted using the Langevin equation (Eq. 2) [46], is presented
in Figure 7.

M¼MSL ðμPH
KBT

Þ þ χH; (2)

where M is the magnetization, T is the temperature, H is the applied
magnetic field, kB is the Boltzmann constant, μp is the average moment,
and χ is the susceptibility. The saturation magnetization (Ms), remnant
magnetization (Mr), χ values of the samples are presented in Table 4.
Accordingly, pure magnetite exhibited the highest saturation magneti-
zation value of approximately 30.3 emu/g. However, the saturation value
decreased after silica was combined with the magnetite sample. The FS1
sample that contained the lowest silica amount had a saturation value of
21.6 emu/g. With increasing silica content in the sample, the saturation
magnetization showed a significant decrease with values of 21.6, 11.5,
10.6, and 9.2 emu/g for FS1, FS2, FS3, and FS4, respectively. This



Figure 7. Fitted hysteresis curves of the samples (a) magnetite, (b) FS1, (c) FS2, (c) FS2, (d) FS3, (d) FS3, and (e) FS4. The circles represent the magnetization data, and
the solid lines represent the fitting model using the Langevin equation.

Table 4. Ms, Mr, and χ values of the samples through magnetization data
analysis.

Sample Ms (emu/g) Mr (emu/g) χ Magnetic moment (J/T)

Magnetite 30.3 0.23 3.1 6.7 � 10�18

FS1 21.6 0.24 2.6 9.2 � 10�19

FS2 11.5 0.02 1.5 8.9 � 10�19

FS3 10.6 0.02 1.2 8.5 � 10�19

FS4 9.2 0.06 2.0 8.1 � 10�19

A. Taufiq et al. Heliyon 6 (2020) e03784
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declining magnetization value was associated with the fact that silica is a
non-magnetic material. The presence of silica on the magnetite surface
reduced the interaction of the applied magnetic field with the intrinsic
moments on the magnetite surface [46]. Therefore, the magnetic satu-
ration value decreased with increasing silica content in the sample. Gao
et al. proved that the saturation magnetization values ranged from 12 to
2.4 emu/g based on the magnetite/silica synthesis of TEOS variations
using the St€ober method and that the saturation magnetization values
decreased with the increasing composition of TEOS [24]. Other re-
searchers, such as Duan et al., reported a decrease in the saturation



A. Taufiq et al. Heliyon 6 (2020) e03784
magnetization value of the magnetite particles modified using O-phos-
phorylethanolamine [57].

Another magnitude of the magnetic properties that can be measured
is the susceptibility value of the materials. Generally, the susceptibility of
a material indicates its response or sensitivity to the applied external
magnetic field. The measured susceptibility values (Table 4) tended to
follow the same trend as that of the saturation magnetization. The higher
the concentration of the added silica, the susceptibility value tended to be
lower. According to theory, the increase in susceptibility is proportional
to the increase in saturation magnetization, which can be mathematically
explained using Eq. (2). The susceptibility value is directly proportional
to the magnetization value. However, the decrease in the value of
magnetization and susceptibility in a sample does not affect the para-
magnetic properties of the material. All the composited exhibited perfect
superparamagnetic properties. Therefore, the magnetite/silica nano-
composites are expected to be applied in several medical applications,
especially as drug delivery vehicles.

The investigation of the bio–nano surface interactions are essential to
ensure that the nanoparticles are safe for biomedical system applications.
The examination of their tendency to inhibit bacteria is a preliminary
characterization. Herein, the disinfection ability of the magnetite/silica
nanocomposites before the loading process of Dox was investigated using
Gram-positive bacteria (B. subtilis), Gram-negative bacteria (E. coli), and
C. albicans.

The baseline inhibition values with respect to the microbes were
established in the magnetite sample, with a silica composition of 0%. The
polymer electronegative chemical groups in the bacterial membrane and
the metal cation in magnetite are attracted to each other. The presence of
such electrostatic forces on the entire bacterial cell surface can damage
the cell wall [58]. In the FS1 to FS4 samples, the inhibition zones
increased owing to the addition of silica. In this study, the silica nano-
particles serve as molecule connectors between magnetite and various
microorganisms. The hybrid silica nanoparticles that coat magnetite have
been proved to be considerably effective to kill bacteria [59]. The func-
tionalization of silica nanoparticles with respect to magnetite is normally
favorable to suppress magnetite agglomeration due to the magnetic
dipole–dipole attraction [60]. The reduction of agglomeration increases
the available surface area on the nanoparticles and the effectiveness of
the antimicrobial activity.
Figure 8. Mechanisms of cell damage by nanoparticles.
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Theoretically, nanoparticles can increase the inhibition zone by easily
penetrating the cell membranes and damage the intracellular functions to
initiate cell death. Furthermore, the bonding between silica and cellular
membrane can change the structure and permeability of the membrane.
Thus, this nanoparticle-induced damage to the microbial cellular struc-
ture can cause leakage of the cellular content [58]. Once inside the cell,
the primary mode of antimicrobial action by the nanoparticles is the
production of reactive oxygen species (ROS) [61]. The mechanisms of
cell damage that can be attributed to nanoparticles (NPs) are shown in
Figure 8. Furthermore, based on Figure 9, the inhibition zone of the
samples increased with increasing silica content. In the Gram-positive
bacteria (B. subtilis), the inhibition zone increased by 74%, whereas in
the Gram-negative bacteria (E. coli) and the antifungal bacteria
(C. albicans), the inhibition zone was 77% and 143%, respectively.
Therefore, the functionalization of nanoparticles with silica resulted in
an excellent inhibition performance with respect to the three studied
microbe species.

Dox loading on nanoparticle carriers was analyzed using UV-Vis over
wavelengths of 200–900 nm. Figure 10 presents the UV-Vis spectra of the
Dox-loaded magnetite/silica nanocomposites. The wavelength of SBF
used in the loading process was observed to be 200–250 nm [62]. The
Dox peaks were found at the wavelengths of 290 and 480 nm. In line with
the results of this work, Cai and co-workers reported that the Dox peaks
appeared at the wavelengths of 291 and 480 nm [32]. The Dox loading
Figure 9. Inhibition zone diameter of the magnetite/silica nanocomposites.

Figure 10. Dox loading profiles of the magnetite/silica nanocomposites.
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profiles were also totally matched with the patterns testified by Li et al.
[63]. Furthermore, the Dox loading profiles were different from the
profiles of Fe3O4/SiO2 composites without Dox, as reported by Gan et al.
[64]. Therefore, the Dox loading profiles in this work revealed that the
Dox was successfully loaded in the magnetite/silica nanocomposites. We
reported these preliminary results, but the critical question of Dox
loading will be fully treated in the near future.

Additionally, the Dox peak increased with respect to absorbance with
an increase in the silica content of the carriers. Therefore, the higher the
silica content, the higher will be the Dox absorbance peak [33]. In this
case, the silanol group from silica acts to provide a binding site to other
compounds [32], whereas the OH� silanol groups on the silica surface
favor the Dox loading. Hence, the positive NH3þ group of the hydro-
philic Dox develops a strong bond with OH� on the silica shell. More-
over, the number of OH� bonds of the silica excess that does not bind
with water will result in a strong bond with Dox. Therefore, the absor-
bance of Dox increases as a function of the increased Dox loading [51,
65].

The efficiency of drug loading (Le) with respect to the carrier can be
calculated as follows:

%Le ¼m0 � m1

m0
� 100%; (3)

where m0 is the total Dox added to the reaction and m1 is the amount of
non-loaded Dox. Based on Eq. (3), the drug loading efficiency values of
FS1, FS2, FS3, and FS4 were 58%, 63%, 65%, and 67%, respectively.
Similar values were also reported by Mortazavi et al. [66].

The Dox release was also studied because the characteristics of drug
release are extremely important to successfully develop a drug delivery
system. Figure 11 depicts the cumulative release of Dox with time. A
rapid drug release was observed for the FS1 sample in 25–100 min FS2
experienced a rapid release in 50–150 min, whereas for the FS3 and FS4
samples, the release occurred in 50–75 min and 25–75 min, respectively.
Furthermore, Deepika et al. reported that an optimum release speed of
43.9% was achieved after the 15th min, with a silica layer thickness of 15
nm [67]. A high initial dose followed by a stable drug dose is generally
beneficial for the administration of therapeutic drugs in the long run.
Other researchers, such as Jiang et al., investigated the change in the
release rate of Fe3O4/SiO2–Dox with pH variations and obtained an op-
timum release rate of 62.23% in 72 h [23]. In this study, the kinetic
release showed long-term stable drug dosage. The Dox release profile
showed different release rates during the first period, which was affected
by the differing silica content. The Dox release speed was dependent on
Figure 11. Cumulative drug release profiles of the magnetite/silica
nanocomposites.
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the silica content. In nanocomposites with high silica amounts, the Dox
release speed was fast, similar to the increase in the observed loading rate
with increasing silica content. The nanocomposites containing more sil-
ica should be more effective against cancer cells becausemore Dox can be
delivered, damaging and killing the tumor cells more quickly [23].
Additionally, the silanol groups on the silica surface should serve as a
coupling silane, facilitating drug loading and release [33].

4. Conclusions

Magnetite/silica nanocomposites were successfully synthesized using
the sol–gel method. The formation of magnetite/silica was confirmed
using the XRD, XRF, and FTIR measurements. Based on SEM images, the
particle size of the magnetite/silica nanocomposites was observed to be
21.3–30.0 nm. The obtained nanocomposites demonstrated super-
paramagnetic properties. The antimicrobial activity of the magnetite/
silica nanocomposites with respect to B. subtilis, E. coli, and C. albicans
was studied without Dox loading, and the increasing silica content
increased the microbial inhibition zones by 74%, 77%, and 143%,
respectively. In terms of drug loading and release, a positive correlation
was observed between silica content and Dox loading. Fast Dox release
could be observed within the initially 25–100 min; simultaneously, the
release rate drastically decreased. Interestingly, the kinetic release study
revealed that the drug dosage tended to remain stable for a sufficiently
long period.
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