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Multi-functional materials that can be used in a variety of different applications have attracted significant
research interest. Herein, we report a facile method for preparing hollow FesO4 nanospheres with good
magnetic properties and substantial surface areas. The as-prepared hollow Fe3sO4 nanospheres can be
used as drug carriers. The chemotherapeutic agent oxorubicin hydrochloride (DOX) was used to study
the controlled release behavior of the hollow FezO4 nanospheres. The drug release curves showed a high
DOX loading efficiency and pH-dependent drug release. Less DOX was released at pH 7.4 compared to
pH 6.2 due to the protonation of DOX in acidic environments, implying stable release rates. Furthermore,
using FesOs as an anode in lithium-ion batteries delivers a reversible capacity of 631 mAhgtat2 Ag
! which can be attributed to the specific structure of the hollow Fe3O4 nanospheres. Hence, this study
provides a novel nano platform based on magnetic targeting and new pH-responsive drug delivery
system for cancer treatment.
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1. INTRODUCTION

Due to the rapid advancement of modern society, metal oxides have been employed in many
developing industrial applications, such as in electronic devices, medical treatments and chemical
catalysis [1-3]. Fe3Os is an important metal oxide that is particularly attractive due to its outstanding
chemical stability, excellent bio-compatibility, and low toxicity [4-5]. FesO4 has been widely used in
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biomedicine, energy storage media and magnetic resonance imaging [6-7]. It is well known that the
composition and crystal structure of nanomaterials are key to their physical and chemical properties [8-
9]. Thus, developing fabrication methods that control the composition and morphology of iron oxide is
a significant challenge.

Currently, the development of new and innovative drug delivery systems plays an important role
to medicine and health care. Recently, hollow nanomaterials with strong adsorptivity have been widely
used for drug delivery due to their large surface areas and rich porous structures [10-12]. Magnetic
nanoparticles possess several advantageous properties, including biocompatibility and super-
paramagnetism. These materials can be used as MRI agents and also as magnet-driven drug delivery
systems. Among of all the possible candidates for these applications, FezO4 nanoparticles are considered
to be an attractive and promising material because of their high biocompatibility, used in magnetic
resonance imaging, potential for targeted drug delivery, easily synthesised and have low cost and [13].
Many FesO4-based hybrids, such as carbon-coated FezOa, have been designed and investigated as drug
carriers [14-15]. However, the preparation of FesOs-based hybrids has some shortcomings, such as the
typical long preparation time, the formation of by-products and the complexity of the required
procedures [16].

Herein, we report the preparation of hollow FezOs4 nanospheres using a facile hydrothermal
method. The crystalline phase, topography and magnetic properties of the hollow Fe3Os nanospheres
were determined. In order to investigate their use as a drug delivery system, hollow Fe3O4 nanospheres
were used as a drug carrier for doxorubicin hydrochloride (DOX). In addition, we tested the application
of the hollow Fe3z04 nanospheres as electrode materials for enhanced lithium storage performance. It is
well known that the large volume change in FesO4 caused by delithiation/lithiation during the charge
and discharge processes often leads to poor cycling performance and decreasing capacity. In this study,
the synthesized hollow FezO4 nanospheres alleviated the local tension stress responsible for volume
changes during the change-discharge process. The well-designed FesO4 nanosphere anode exhibits a
reversible discharge capacity of 743 mAh g at a current density of 0.2 A g over 100 cycles. The design
approach in this work, of using a spherical structure, provides a promising strategy for high performance
lithium-ion batteries.

2. MATERIALS AND METHODS

2.1. Preparation of the materials

The hollow FezO4 nanospheres were prepared using a simple hydrothermal procedure. First, a
solution of 0.34 g Fe(NO3)3-6H20, 15 mL glycerol and 105 mL isopropanol was mixed via stirring for
10 min. Then 2 mL of deionized water was added to the above solution, followed by stirring for 20 min.
Then the homogeneous solution was poured into a Teflon stainless steel autoclave and heated in an
electric oven for 11 h at 200 °C. The reaction mixture was cooled to the room temperature and the solid
products were removed by centrifugation, washed and dried for 24 h at 80 °C. Finally, the products were
heated at 370 °C under nitrogen atmosphere for 2 h to obtain the hollow Fe3sO4 nanospheres.
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2.2. Characterization

X-ray diffraction (XRD, D8 Focus, Bruker) was performed with Cu Ka radiation in the 10° to
90° range. The morphologies of the sample were determined using transmission electron microscopy
(TEM, JEM2100F, JEOL) and scanning electron microscopy (SEM, Hitachi, S-4800). The magnetic
properties were measured using a vibrating sample magnetometer (VSM) in a magnetic field range of -
2000 Oe to 2000 Oe at 300 K. The pore size distribution and specific surface area were determined by
Brunauer-Emmett-Teller analysis (BET, Micromeritics ASAP2020).

2.3. Drug loading and release

The drug loading was carried out by mixing 4 mg of a solution of the anti-cancer drug DOX with
10 mg hollow Fe3O4 nanospheres. The mixture was then centrifuged to remove unbound DOX. The
resulting mixture was homogeneous and was re-suspended in phosphate buffered saline (PBS) with
various pH values (pH = 6.2 or 7.4) under gentle shaking at 37 °C. The drug loading concentration (DLC)
of DOX loaded into the hollow Fe3Os nanospheres was calculated using the following formula:
DLC(%)=Mn/Mo*100%, where My is the gross mass of DOX released from the DOX loaded into the
hollow FesO4 nanospheres, and Mo is the original mass of DOX used for the drug loading.

2.4. Electrochemical experiments

The electrochemical performance of the hollow FezO4 nanospheres was measured using coin-
type cells (CR2025). A slurry was formed by mixing the active material, Fe3sO4, with polyvinylidene
fluoride as the binder and acetylene black as the conducting agent with a ratio of 8:1:1 in 1-methyl-2-
pyrrolidinone. The slurry was uniformly pressed on Cu foil and dried at 60 °C for 12 h. The electrolyte
was 1 M LiPFs dissolved in a 1:1:1 mixture of Ethylene carbonate/Diethyl carbonate/Dimethyl
carbonate(EC/DEC/DMC). The coin-type cells were assembled in a glove box (MBraun) under argon
(99.9995%, purity) atmosphere. The galvanostatic charge/discharge curves and cyclic voltammetry (CV)
were determined using a multichannel battery tester (BT-2000, Arbin Instruments) and an
electrochemical workstation (VMP3, Biologic), respectively, in the 0.01 to 3.0 V potential window.

2.5. Cell cytotoxicity experiments

The cytotoxicity of the hollow FezOs nanospheres against HelLa cells was studied by CCK-8.
Hela cells were incubated in 96-well plates (5x10° cells per well) under 5% CO; at 37 °C for 24 h. Then,
the cells were incubated with 100 pL of fresh medium containing various concentrations of hollow Fe3O4
nanospheres (50, 100, 200, 400, and 800 pg/mL) for another 24 h. A control experiment containing no
hollow FesO4 nanospheres was performed at the same time. Afterwards, 10 uL of a CCK-8 solution was
added to each well and further incubated for 4 h at 37 °C under 5% CO,. The optical density (OD) was
measured using an ELISA reader. The relative cell viability (CV, %) of the hollow Fe3sO4 nanospheres
was calculated using the following equation:
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OD(e)-0OD(b)
OD(c)-0OD(b)
where OD(e), OD(c), and OD(b) represent the OD values of the experimental group, the control group
and 100 puL of medium containing 10 pL. CCK-8, respectively.

x100%

CV (%) =

3. RESULTS AND DISCUSSION
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Figure 1. XRD pattern of the hollow Fe3O4 nanospheres.
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Figure 2. (a) SEM image, (b) TEM image, (c) HRTEM image and (d) SAED patterns of the hollow
Fez04 nanospheres.
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Figure 3. (a) TEM image of a single FesO4 nanosphere and the corresponding EDX mapping images for
(b) Fe and (c) O.

The XRD pattern of the hollow Fe3O4 nanospheres is shown in Figure 1. The intrinsic diffraction
peaks at 20 values of 18.3°, 30.2°, 35.5°, 43.4°, 53.6°, 57.1° and 63.1° correspond to the (111), (220),
(311), (400), (422), (511) and (440) lattice planes of Fe3zO4, consistent with the recorded values for FezO4
(PDF#65-3107). These results confirm the successful preparation of the hollow Fe3O4 nanospheres.
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Figure 4. (a) Magnetic hysteresis loop, (b) demonstration of the magnetic separation of the nanospheres,
(c) nitrogen adsorption-desorption isotherms and (d) pore-size distribution of the hollow Fe3O4
nanospheres.

The morphology of the hollow FesO4 nanospheres was characterized by SEM and TEM. As
shown in Figure 2(a), the synthesized hollow Fe3O4 nanospheres were monodisperse, with an average
diameter of 100 nm, indicating their successful preparation using a facile hydrothermal method. The
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Fes04 nanospheres were identified to be hollow nanospheres based on the results in Figure 2(b). The
lattice fringes of the hollow FezOs nanospheres were clearly observed in the HRTEM image. As
illustrated in Figure 2(c), interplanar spacings of 0.21 nm, 0.25 nm and 0.29 nm were attributed to the
(400), (311) and (220) planes of the hollow Fe3O4 nanospheres, respectively. The selected area electron
diffraction (SAED) patterns in Figure 2(d) also exhibited distinct polycrystalline diffraction rings,
consistent with the XRD results. The EDX mapping of a single FesO4 nanosphere (Figure 3) indicated
that the Fe3O4 nanosphere contained a homogeneously distribution of Fe and O.

The magnetic properties of the hollow FesO4 nanosphere were measured in a magnetic field range
of -2000 Oe to 2000 Oe at 300 K using a VSM. As shown in Figure 4(a), the evaluated magnetization
saturation (Ms) value was 31.1 emu/g and the magnetic hysteresis loop was an S-type curve, which
shows no hysteresis. In addition, the cross section of the magnetization curve was close to zero,
indicating that there was almost no remanence or coercivity and that the hollow Fe3O4 nanospheres
exhibited super paramagnetism [17-18]. The hollow Fe3Os nanospheres could be separated using
magnetism, as presented in Figure 4(b). The magnetic hollow FesO4 nanospheres were attracted to the
magnet, indicating that the material could be used to carry drugs to magnetically targeted positions in
addition to using a magnetic field for separation. The nitrogen adsorption-desorption isotherms shown
in Figure 4(c) are type-1V, indicating a mesoporous material, which is advantageous for drug loading.
The BET specific surface area was 131.7 m? gL In addition, the pore size distribution of 5.2 nm for the
nanospheres is shown in Figure 4(d). The high BET specific surface area is also advantageous for drug
loading.

To investigate the electrochemical performance of the hollow FesOs nanospheres, the
galvanostatic charge/discharge, cycling and rate capabilities were measured in the range of 0.01 to 3.0
V. Based on the results in Figure 5(a), the initial discharge capacity was 1137 mAh g*. The presence of
two potential plateaus at 0.9 V in the first discharge curve could be attributed to the formation of the
solid electrolyte interface (SEI) and to the lithiation reaction of FesOs, respectively [22]. In the
subsequent cycles, the potential plateau due to SEI formation disappeared. The Fe304 anode showed a
reversible discharge capacity of 743 mAh g after 100 cycles, indicating superior cycling stability
(Figure 5(b)). In addition, the rate capability is assessed in Figure 5(c). The results show that the FesO4
anode retained a lower discharge capacity of 631 mAh g* at 2 A g. When the current density was
returned to 0.2 A g2, it still exhibited a high discharge capacity of 905 mAh g.
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Figure 5. (a) Charge/discharge curves, (b) cycling performance at 0.2 A g* and (c) rate capabilities of
the hollow FezO4 nanospheres.
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To clearly compare the differences between the novel FesOs anode and conventional FezOs
composite electrodes in LIBs, the results from some related work are summarized in Table 1 below. As
shown in Table 1, the FesO4 nanospheres fabricated in this work showed an excellent rate performance
of 631 mAh g (at 2 A g), which is superior to previously reported composite Fe3O4 electrodes.

Table 1. Comparison of the electrochemical performance of previous reports with our work.

Materials Initial capacity Final capacity High rate performance Ref.
(mAhg?t atnC) (mAhg? aftern (mAhg?, atnC)
cycles)
Fes0.@C 667 (0.1 Ag?) 660 (100th) 570 (1.5 A gl [14]
Fes0.@C 600 (1 C) 720 (150th) 400 (8 A g?l) [24]
Fes04@C nanoparticles 925 (0.2 A gl) 690 (60th) 300 (10 C) [25]
CGFE 1307 (0.1 Ag')  812.9 (190th) 283 (1.6 Ag?h [26]
Fe3O4 nanospheres 1137 (0.2 Ag?l) 743 (100th) 631 (2AgY This work

The drug release behavior of the DOX-loaded hollow FesOs4 nanospheres was studied by
examining the sustained release for 100 h at 37 °C at pH=7.4, in a physiologically relevant environment,
and at pH=6.2, in an acidic environment (Figure 6).
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Figure 6. Drug-release kinetic curves obtained at pH = 6.2 (red) and pH = 7.4 (black) using the hollow
Fe304 nanospheres.

These different pH values represented the drug release behavior under the conditions relevant for
drug release at the target locations. Quick release of the drug occurred during the initial stage and
thereafter a steady and slow release of the drug was observed. The total amount of DOX released at pH
6.2 was 81%, which is much higher than the amount released at pH 7.4 (36%). This result is consistent
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with the insolubility of DOX in a physiological environment and favors the use of these nanospheres as
responsive drug carriers, so that a higher amount of the drug is released after the drug-loaded hollow
Fez04 nanospheres reach the target location. Thus, the DOX-loaded hollow Fe3O4 nanospheres showed
pH-responsive drug release behavior. In addition, the nonlinear relationship between the release rate and
time indicated that the hollow Fe3sO4 nanospheres could provide constant release of the drug and therefore
act as a protective shell in biological media for potential cancer therapies [19-21].

In addition, the cytocompatibility of the hollow Fe3O4 nanospheres against HelLa cells was
performed. Figure 7 shows the cell viability profile. The results revealed that the DOX-loaded hollow
Fe304 nanospheres and free DOX have similar cytotoxicity against Hela cells. In addition, the hollow
Fe3z04 nanospheres showed high cell viability and good cytocompatibility up to a concentration of 400
pug/mL. Thus, the hollow FesO4 nanospheres show promise for applications as drug delivery systems
because of their good biocompatibility and slow drug release.
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Figure 7. Viability of Hela cells after incubation with different concentrations of DOX, DOX-loaded
hollow Fez04 nanospheres, and hollow FesO4 nanospheres for 24 h.

4. CONCLUSIONS

In this paper, hollow FezOs nanospheres have been synthetized using a facile hydrothermal
method. These nanospheres retained their perfect crystalline structure and showed superparamagnetic
behavior. When used as a drug carrier, the hollow FesO4 nanospheres stored a high amount of the drug
DOX and showed sustained release behavior. Hence, the hollow FezO4 nanosphere are suitable drug
targeted drug delivery carriers for improved theranostic applications. In addition, lithium-ion battery
anodes prepared using the hollow FezO4 nanospheres delivered good cycling stability and superior rate
performance.
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