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Abstract

This paper presents a novel method based on an inverse microemulsion system to synthesize
monodisperse magnetic mesoporous silica nanoparticles (MMSN) with core-shell structure. In
this method, the water-in-oil microemulsion system was prepared using of cyclohexane
containing silica precursor as a continuous oil phase, discrete water droplets containing magnetic
seeds (Fe3O4 nanoparticles) and urea as an aqueous phase, and cetyltrimethylammonium bromide
(CTAB) and 1-butanol as a surfactant and co-surfactant, respectively. Unlike the traditional
reverse microemulsion method, the magnetic seeds used in this system were first covered by a
self-organized two-layer surfactant including oleic acid and CTAB as a good host for silica
formation. Hence, by removing the CTAB template from the silica structure, a mesoporous silica
shell remains on the surface of Fe;O, nanoparticles. The effects of catalyst types (urea and
NaOH), TEOS content, and reaction temperature on the morphology and size of the prepared
samples were investigated. It was found that by rising the reaction temperature from 70 to
120°C, the thickness of the silica layer was increased from 3 to 17 nm. Moreover, a thicker silica
coating (26 nm) was obtained by increasing the TEOS content. Also, the performance of the
prepared nanocomposite for drug delivery applications was investigated using 5-fluorouracil (5-
Fu) as a drug model in a physiological medium. The obtained results showed that the prepared

magnetic mesoporous silica nanocomposite has great potential for biomedical applications.

Keywords: Core-shell structure, Fe3O, nanoparticles, Mesoporous silica, Inverse

microemulsion, Drug delivery



1. Introduction

Over the last two decades, many efforts have been devoted to the fabrication of novel drug
delivery systems which can release drug molecules at the specific tissue in a controlled manner
[1-3]. To date, many kinds of organic and inorganic materials have been investigated as drug
carriers including hydrogels [4, 5], liposomes [6, 7], silica nanoparticles [8], dendrimers [9], etc.
Among these materials, mesoporous silica nanoparticles (MSN) received a great deal of attention
because of their significant advantages such as high surface area, large pore volume, low
apparent cytotoxicity, easy surface modification, and good stability in the most chemical and
biological environments [10-12]. The combination of silica with magnetic nanoparticles (such as
Fe304, La;xSrkMnOgz, and CoFe;0q4, etc.), in a core-shell structure led to an ideal system for
different biological applications such as magnetic hyperthermia therapy [13], magnetic
resonance imaging [14], and drug delivery systems [15]. Many works have studied the influence
of morphology and porosity of the core-shell MMSNs on the performance of nanocomposites as
drug carriers [16-18]. It has been found that, the nanoparticles (less than 100 nm) can easily pass
the biological barriers, and subsequently, improve the passive targeting through the EPR effect
[19]. However, the nanoparticles larger than 100 nm were rapidly removed from the blood
circulation by the reticuloendothelial system [20]. Besides, some researchers have investigated
the influence of the size of silica nanoparticles on the level of cell cytotoxicity [21, 22]. These
studies proved that the smaller sized silica particles had caused higher toxicity in the tumor cells.
Although much work has been done on the synthesis of MMSN, the achievement of
monodispersed nanoparticles with a suitably small size is still challenging.

Generally, there have been reported two main approaches for the fabrication of magnetic silica
nanoparticles with core-shell structure, namely, stober method and reverse microemulsion
technique [23]. Although the stober method has been commonly used to fabricate the magnetic
mesoporous silica, only a few works have successfully reported the synthesis of monodisperse
core-shell nanocomposites with a controlled shell thickness [19, 24, 25]. In this process, due to
the direct addition of silica precursor to the aqueous reaction medium, the hydrolysis and growth
of silica on the surface of nanoparticles occur very fast and in an uncontrollable way [26].
Moreover, many other parameters such as reaction temperature, stirring speed, and the ratio of
the reactants can strongly influence the size and morphology of the product [27]. As a result, the
stober method is rather complicated and unrepeatable to fabricate the core-shell nanocomposite



with the appropriate size for specific biomedical applications. On the other hand, the reverse
microemulsion method is an alternative approach to synthesize the core-shell Fe;0,@SiO,
nanoparticles [23]. In this method, the hydrolysis and condensation reactions occur only within
the discrete water droplets which were well dispersed in an organic phase stabilized by one or
two surfactants. Therefore, this method could prevent the aggregation phenomenon during the
silica growth on the surface of magnetic nanoparticles. For example, Toprak and co-workers
successfully fabricated monodispersed core-shell nanocomposites with the size smaller than 100
nm via controlling the reaction time and precursor concentration in an inverse microemulsion
system using Triton-X100/hexanol/water/cyclohexane [28]. However, the inverse microemulsion
method produces a nonporous silica layer on the surface of nanoparticles. Hence, it would be
rather difficult to obtain a good drug storage with sustained and controllable drug release using
this method, and as a result, the application of the prepared carrier for drug delivery will be
limited [29].

To solve these problems, a novel strategy is presented in the current research for the fabrication
of magnetic nanoparticles with a mesoporous silica shell based on the modified inverse
microemulsion method. In the proposed method, the oleic acid-coated Fe;O4 nanoparticles were
first synthesized by the thermal decomposition of iron acetylacetonate in dibenzylether. Then,
the hydrophobic nanoparticles were transferred to the aqueous phase using CTAB as an outer
layer surfactant as well as a soft removable template. The prepared water-dispersible
nanoparticles were then used as nucleation seeds for silica formation in the aqueous phase of a
microemulsion system containing CTAB/1-butanol/cyclohexane/water. Finally, the mesoporous
silica shell was formed on the surface of magnetic nanoparticles by removing CTAB template
from the structure using a calcination process. Moreover, the thickness of the silica coating was
controlled by changing the silica precursor content and also the temperature of the reaction. Also,
the efficacy of the prepared sample for drug delivery application was investigated using 5-Fu as
a drug model which is commonly used to treat different diseases such as breast and stomach

cancers.

2. Experimental Section
Iron  (II1) acetylacetonate  (99%), dibenzylether  (98%), cyclohexane (99%),
hexadecyltrimethylammonium bromide (CTAB, 97%), oleylamine (technical grade, 70%),



tetraethyl orthosilicate (TEOS, 98%) were purchased from Merck company, Germany. Urea
(99%), 1-butanol (99%), 5-fluorouracil (5-Fu), ethanol and chloroform were obtained from
Sigma Aldrich, Germany. Oleic acid was purchased from Daejung Chemicals, Korea. All

materials and solvents was used as received and without any purifications.

2.2 Synthesis of Fe3O4 nanoparticles

Fe304 nanoparticles were synthesized by a slightly modified thermal decomposition method [30].
In a typical synthesis, 1.41 g of Fe(acac)s; was added to a mixture of dibenzylether (30 mL), oleic
acid (0.6 mL) and oleylamine (1.31 mL). Then, the temperature of the suspension was raised to
120 °C and held at this temperature for 30 min under nitrogen atmosphere. Then, the mixture
was quickly heated to 280 °C and kept at this temperature for 4 h. After cooling the suspension
to the room temperature, the solution was centrifuged at 10000 rpm for 15 min and washed by
ethanol three times. Finally, the oleic acid-stabilized Fe3O, nanoparticles were dispersed in

chloroform for further use.

2.3 Phase transfer of oleic acid-capped FesO4 nanoparticles

One mL of the as-prepared Fe3;O,4 nanoparticles dispersed-in-chloroform was mixed with an
aqueous solution containing 0.06 g CTAB [26]. The obtained macroemulsion was sonicated for 1
h (Ultrasonic Bath, Eurosonic 4 D, Euronda, Italy) and then heated to 70 °C for 10 min to
evaporate chloroform leading to a stable transparent solution containing water dispersible FezO4
nanoparticles. To remove the excess surfactant from the nanoparticle suspension, the solution

was cooled down to 5 °C and then centrifuged to separate the excess amount of surfactant.

2.4 Synthesis of magnetic mesoporous silica nanocomposite (Fes0,@mSiO,)

Magnetic mesoporous silica nanocomposites were fabricated using a modified inverse
microemulsion  method using CTAB/1-butanol/water/cyclohexane as surfactant/co-
surfactant/aqueous phase/organic phase [31]. In a typical synthesis, 2 g of CTAB was added to a
mixture of 1-butanol and cyclohexane at room temperature. Subsequently, by addition of 3 mL
of an aqueous suspension containing CTAB-stabilized FesO4 nanoparticles and urea to the above
solution, a transparent microemulsion system was formed. Then, a certain amount of TEOS was

added to the prepared microemulsion under vigorous stirring. The obtained microemulsion was



then transferred to a 75 mL Teflon-lined autoclave and heated at the desired temperature for 12
h. The formed core-shell Fe3s0,@SiO, nanoparticles were collected by centrifugation (4000 rpm)
(Premium Centrifuge, Pole Ideal Tajhiz Co., Iran) and then washed with ethanol and water three
times and then dried in an oven at 60 °C. Finally, for the extraction of CTAB from the silica
shell, a calcination process was utilized based on heating the nanocomposites at 550°C for 6 h
[32].

2.5 In vitro biocompatibility

The colorimetric methyl thiazolyl tetrazolium (MTT) assay was carried out to investigate the
biocompatibility of the Fe3sO,@mSiO, nanoparticles. To this end, MCF-7 cells were seeded into
a 96-well plate and cultured in DMEM medium neutralized with 10% FBS and incubated for 24
h at 37 °C in a humidified 5% CO, atmosphere. Then, the cells were further incubated with the
Fe3s04@mSiO2 nanoparticles with different concentrations (0, 10, 25, 50, 100, and 200 pug mL™)
for 24 h. Afterward, MTT reagent was added to each well and was incubated for another 4 h. The

cell viability was measured by evaluating the optical density at 570 nm.

2.6 Drug loading and releasing procedure

For drug loading, 0.4 ml of 5-Fu (50 mg mL™) was dissolved in 20 ml DMSO. Afterward, 0.02 g
of as-synthesized MMSN was added to the above solution [33]. The dispersion was magnetically
stirred for 48 h at room temperature. The drug-loaded nanoparticles were separated by
centrifugation, and then, the amount of 5-Fu in the supernatant was determined using UV
spectrophotometry at a wavelength of 266 nm. The drug loading content was calculated

according to equation 1 [34]:

Initial weight of drug—Weight of drug in supernatant solution X 100 (1)
Weight of drug loaded nanocomposite

Drug loading (%)=

To obtain the drug release profile of 5-Fu from MMSN, the drug-loaded MMSN were immersed
in 100 ml of PBS solution. It should be noted that the solution was kept under the stirring
condition at 37 °C. At the specific time intervals, one ml of the release medium was withdrawn,

and after centrifugation, the amount of the drug released was determined using UV-vis



spectrophotometer at 266 nm. After each sampling, one ml of PBS solution was added to the

release medium to keep the total volume of solution constant.

2.7 Characterization

Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed using an ALPHA 11
FTIR Spectrometer, BrukerOptik GmbH. Vibrating sample magnetization (VSM) analysis was
measured at room temperature using Lake Shore Cryotronics, Model 7407. X-ray diffraction
(XRD) patterns were obtained using a Panalytical X PertPro diffractometer (Holland) with CuKa
radiation (A=1.54 angstrom). The morphology of the prepared nanoparticles was studied using
transmission electron microscopy (TEM, Philips-CM120). UV-vis absorption spectra were

recorded on a UV-1050 spectrophotometer (PerkinElmer).

3. Results and discussions

In this work, the thermal decomposition method was used to synthesize the oleic acid-capped
FesO4 nanoparticles. The fabricated oleic acid-capped Fe3;O4 nanoparticles were dispersible in
organic media such as chloroform and hexane. To make the water-dispersible nanoparticles, the
phase transfer of hydrophobic nanoparticles from the organic phase to the aqueous medium was
performed using CTAB surfactant. In fact, in this process, Van der Waals interactions between
the alkyl chains of CTAB and oleic acid may result in the self-assembly of CTAB as an outer
layer on the surface of nanoparticles. The obtained hydrophilic nanoparticles were then used as
nucleation seeds in the inverse microemulsion system to synthesize the magnetic mesoporous
silica.

To this end, the inverse microemulsion system was first formed using CTAB as the main
surfactant, 1-butanol as a co-surfactant, cyclohexane containing silica precursor as a continuous
oil phase, and discrete water droplets containing urea and nucleation seeds as the aqueous phase.
A proposed mechanism for the formation of core-shell nanocomposites is schematically depicted
in Fig. 1. After the addition of silica precursor (TEOS) to the oil phase, the molecules of TEOS
hydrolyzed at the interface of water droplets and then condensed on the surface of the CTAB-
Fe;O,4 nanoparticles. In this condition, the organic phase could slow down the rate of diffusion of
TEOS to the aqueous phase. As a result, the TEOS hydrolysis would become more controllable,

leading to the monodisperse nanoparticles without any aggregations. Finally, by extracting the



CTAB molecules from the structure via the calcination process, the silica shell with high

porosity could be obtained.
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Fig. 1: Schematic representation of Fe;0,@mSiO, nanoparticles by modified inverse microemulsion method

FTIR analysis was carried out to investigate the surface functional groups and the integrity of
nanoparticles formation. Fig. 2 shows the FTIR spectra for the oleic acid-coated Fe3O4
nanoparticles dispersed in chloroform, CTAB-Fe;0,4 and Fe3;0,@mSiO, nanoparticles in powder
form. In the oleic acid-coated Fe;O,4 spectrum, the absorption peak at 680 cm ™ is associated with
the stretching mode of the Fe—O bond in the magnetite nanoparticles. The sharp peak appeared at
the 772 cm™ is attributed to the chloroform. The two absorption peaks at 2925 cm™ and 2854 cm’
Lare assigned to the asymmetric and symmetric stretch vibration modes of the —CH, groups, and
the weak band at 1741 cm™ can be ascribed to the stretching mode of the abandoned C=0 bond
in the oleic acid [30]. The peak at 1440 cm™ is also assigned to the stretch vibration of -COO"

groups [35]. Together these results confirm that the oleic acid was coated on the surface of the



Fe3O4 NPs. Also, the FTIR spectrum of the oleic acid-coated Fe3O4 nanoparticles after phase
transfer to the aqueous phase using CTAB is shown in Fig. 2b. The absorption bands at 2849 cm’
L and 1450 cm™ are attributed to the stretching vibrations of C-H and C-N bonds of CTAB,
respectively [36]. The appearance of as-described peaks proves the interactions between oleic
acid and CTAB molecules.

Fig. 2c shows the FTIR spectrum for the Fe3sO,@mSiO, nanoparticles. The two characteristic
absorption peaks appeared at 1104, and 802 cm™ are related to the Si-O-Si stretching and Si-O
bending modes, respectively, which further proves that SiO, shell has been successfully covered
the surface of Fe3O4 nanoparticles [37]. It is worthy to note that the characteristic peak for the
Fe;04 nanoparticles appeared at 638 cm™ with a lower intensity which could confirm the surface
coating of the magnetite nanoparticles with a silica shell. Also, the peak intensity of the C—H
band (2849 cm™ and 2918 cm™) from CTAB surfactants is much lower than that for the
Fe;0,@mSiO, which is due to the extraction of CTAB from the silica shell.
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Fig. 2: FTIR patterns of a) oleic acid-Fe;0,, b) CTAB-Fe;0,, and ¢) Fe;0,@mSiO,

Fig. 3 shows the XRD spectra for the as-synthesized Fe3O4 and FesO,@mSiO, nanoparticles. All
diffraction peaks in the XRD pattern of the as-prepared Fe;O4 nanoparticles (Fig. 3a) are in good
agreement with the standard Fe;O, diffraction pattern (Card No. 75-0033) confirming the
successful fabrication of the Fe3O,4 nanoparticles. Also, the broad characteristic peak appeared at
around 20° in the XRD pattern of the Fe;0,@mSiO, (Fig. 3b) could be related to the amorphous

silica which indicates the formation of silica layer on the surface of magnetite nanoparticles.
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Fig. 3: XRD spectra of a) oleic acid-Fe;0,, and b) Fe;0,@mSiO,
The TEM image of the as-prepared Fe;O4 nanoparticles and the corresponding particle size
distribution is shown in Fig. 4. As can be seen, the obtained nanoparticles are uniform in size

with a nearly spherical shape and the average particle size distribution of the product, calculated

based on the Ferret-diameter for more than 250 particles, is about 16.4 nm.
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Fig. 4: TEM image of a) Fe;O,4 nanoparticles, and b) particle size distribution

To obtain the core-shell nanocomposite with controllable size and morphology, the roles of
different experimental parameters were investigated. At first, the effect of the catalyst type
(NaOH and urea) on the morphology and monodispersity of the synthesized nanoparticles was
studied. To this end, 0.1 M NaOH solution was first used to supply OH" ions within the synthesis
medium. In this condition, before to the addition of 0.06 mL TEOS, the pH value of the aqueous
phase in microemulsion system was adjusted to 10 using NaOH solution, and the reaction
process was carried out at 70°C for 12 h. In the case of urea, a certain amount of urea was fed to
the aqueous phase according to the experimental procedure. Figs. 5a and 5b show the TEM
images of prepared nanoparticles using NaOH, and Urea as basic catalysts, respectively. It seems
that upon using NaOH as a basic catalyst, the magnetite nanoparticles would be trapped within
the connected silica clusters and an aggregated composite was obtained. It could be explained
that by using NaOH as a catalyst, the growth of silica was fast and uncontrollable. On the other
hand, when urea was used in the reaction, a uniform coating of silica was formed on the surface
of Fe3O4 nanoparticles, and thus, composite with core-shell structure was achieved. In fact, when
urea was used as a catalyst, the OH" ions were slowly produced in the reaction medium by
hydrolysis of urea[38]. Therefore, the hydrolysis rate of TEOS can be regulated using urea as a
weak basic catalyst, which results in the formation of a nanocomposite with core-shell structure.

Also, the effect of reaction temperature (70 and 120 °C) on the size of nanocomposites was

studied while the amount of TEOS was kept at 0.06 ml for both samples. As can be seen in Fig.

11



5c¢, a thin layer of silica with a thickness of about 3 nm was obtained at a temperature of 70 °C.
By increasing the reaction temperature up to 120°C, the thickness of the silica layer reached to
about 17 nm (see Fig. 5d). This phenomenon could be due to the increasing of the hydrolysis and
condensation rate of TEOS upon rising the reaction temperature. Furthermore, to synthesize
core-shell nanoparticles with different shell thicknesses, different amounts of TEOS (0.06 and
1.2 mL) were added to the microemulsion and the reaction process was carried out at 120 °C for
12 h. As shown in Figs. 5d and 5e, by increasing the amount of TEOS from 0.06 to 1.2 mL, the

thickness of the silica layer was increased from 17 to about 26 nm.

Fig. 5: TEM image of Fe;0,@mSiO, nanoparticles, (a) with NaOH, (b) with Urea. Fe;0,@mSiO, with shell
thicknesses of (c) 3nm, (d) 17 nmand (e) 26nm.

The porosity of the synthesized magnetic mesoporous silica was evaluated by N, adsorption—
desorption isotherms. Fig. 6 shows the N, adsorption/desorption curve of the MMSN, which can
be classified as Type IV isotherms. In this curve, a hysteresis loop, formed by capillary

condensation of N, indicates a mesoporous structure for the silica shell. The surface area

12



(calculated based on BET method), total pore volume, and mean pore diameter of the MMSN

with silica thickness of about 26 nm were 153.74 m? g, 0.679 cm®g™, and 3.6 nm, respectively.
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Fig. 6: Nitrogen adsorption-desorption isotherms of the Fe;0,@mSiO,

The magnetic properties of the as-synthesized Fe;O, nanoparticles and magnetic mesoporous
silica nanocomposite were investigated using VSM analysis. According to the magnetization
curves presented in Fig. 7, one could infer that both samples conform to the superparamagnetic
regime because no hysteresis loop was detected in the magnetization curves. The saturation
magnetization (Ms) of the as-synthesized Fe;O04 and Fe;O,@mSiO, nanoparticles reached to
63.83 and 4.8 emu g, respectively. The sharp decline in Ms for Fe;0,@mSiO, nanoparticles
may be attributed to the presence of diamagnetic silica layer on the surface of Fe3Oq
nanoparticles [24, 26, 39]. However, the prepared nanocomposite exhibited a relatively good
response to the magnetic field which promises great potential for the prepared product to be used

as targeted drug delivery systems.
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Fig. 7: Magnetization curve of a) Fe;0, nanoparticles capped with oleic acid, and b) Fe;0,@mSiO,

3.8 In vitro Biocompatibility

The MTT assay was carried out to evaluate the biocompatibility of the mesoporous silica-coated
Fe304 nanoparticles. Fig. 8a shows the cell viability of MCF-7 cells after 24 h exposure to the
nanoparticles at different concentrations. After the incubation period, the viability of MCF-7
cells were more than 90% at all concentrations of the nanoparticles. These results suggested that
the MMSN possess rather good biocompatibility which is considered as one of the major

requirements for drug delivery applications.

3.9 Drug Loading and Release

5-fluorouracil (5-Fu) is widely used as an anticancer drug for the treatment of a variety of
cancers such as colon, skin, and breast cancer. In this study, the synthesized MMSN with 26 nm
silica layer was chosen for drug delivery experiments. First, the drug loading experiments were
carried out by soaking the sample in the solution of 5-Fu in DMSO. The drug loading content,
calculated based on UV-vis measurements, was about 49+5 mg/gmmsn. This result is in
accordance with the drug loading content reported for the magnetic mesoporous silica

nanocomposites [33, 40]. The absorption curves obtained at different concentrations are shown

14



in the inset of Fig. 8b. The drug release profile of 5-Fu from the MMSN is depicted in Fig. 8b.
The results show that there is an initial burst release in the first 4 h of starting experiment, which
could be attributed to the fast desorption of drug molecules adsorbed on the exterior surface of
the nanocomposites. Following the initial burst-like release, a sustained release was observed,
which could be due to the diffusion of 5-Fu molecules located into the pores of silica layer to the

releasing medium. As can be seen, the release curve reaches a plateau after 40 h.
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Fig.8: a) In vitro cytotoxicity experiments of MCF-7 cells incubated with different concentration of Fe;0,@mSiO,,
b) 5-FU release profile from Fe;0,@mSiO, nanoparticles at pH=7.4

3. Conclusions

In summary, we presented a modified inverse microemulsion method to synthesize magnetic
mesoporous silica with a core-shell structure. The inverse microemulsion was formed by using
CTAB, cyclohexane, 1-butanol, and water. In this study, the thermal decomposition method was
used to fabricate Fe;O,4 nanoparticles functionalized by oleic acid. Water-dispersible products
were obtained by phase transferring nanoparticles using CTAB. Then CTAB-Fe3;04 nanoparticles
were used as seeds for the formation and growth of silica in the microemulsion system. The
average size of the prepared core-shell nanocomposite is below 100 nm in diameter. Also, the
thickness of the silica shell could be adjusted by changing TEOS content and temperature of the
reaction. Furthermore, the behavior of drug release proved that the prepared core-shell

15



nanocomposite could be used for cancer therapy. Also, the prepared core-shell nanocomposite

could be applicable for hyperthermia and MRI applications.
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Highlights

Inverse microemulsion system was used to synthesize iron oxide/mesoporous silica nanoparticles
with core/shell structure.

Urea was used as a weak base catalyst to control the aggregation of the nanoparticles.
Nanocomposites were less than 100 nm in diameter.

The factors that control silica thickness were identified.
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