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A B S T R A C T

A facile method is developed for the fabrication of magnetic iron oxide nanoparticle-hollow mesoporous silica
spheres (IONP-HMSs) and explored their potential application in drug delivery. Through the self-assembling
process of IONPs and the formation of mesoporous silica shells, the IONP-HMSs with hollow interior cavity were
obtained. The cetyltrimethyl ammonium bromide (CTAB) encapsulated IONP-containing spheres served as the
template to establish the mesoporous silica shells. Typical anti-cancer drug, doxorubicin hydrochloride (DOX)
was applied for drug loading and release process of IONP-HMSs, which demonstrated the IONP-HMSs have a
high drug loading efficiency and allow pH-trigged release of DOX in vitro. Moreover, the IONP-HMSs exhibited
excellent biocompatibility and enhanced DOX therapeutic efficacy to HeLa cells. Compared with traditional
methods, the reported microemulsion-based method for the synthesis of IONP-HMSs enables the formation of
hollow-structured nanocomposite without any complex template-removing process, which could pave the way to
improving the therapeutic efficacy in drug delivery system.

1. Introduction

With the development of drug delivery system, nanostructured
functional materials have attracted increasing attention due to the po-
tential to realize high-efficiency cancer therapy [1] by utilizing their
unique advantages such as controllable size [2], biocompatibility [3]
and reduced side effects [4]. Various kinds of nanoparticles (NPs) such
as ceramic NPs [5], liposome [6] and Au NPs [7] have been used as
drug nanocarriers. Among them, iron oxide magnetic nanoparticles
(IONPs) have attracted extensive interest because of its biocompat-
ibility [8] and magnetic properties [9] for selective targeting [10] and
contrast enhancement in magnetic resonance imaging [11]. However,
the IONPs lack homogeneous anchoring sites on the surface to interact
with other biochemical molecules during the drug delivery process in
the biological environment [12]. Mesoporous silica materials can be
applied to overcome this problem because their large functionalizable
surface and large pore volumes provide them strong affinity to various
biomolecules, which is highly conducive to drug delivery application
[13–15]. Lin's group has reported that HMSs with an average particle
size as big as 600 nm has taken up by cancer and non-cancer cells and
could lead to the future development of nanoprobe for intracellular
sensing and gene/drug delivery [16]. Consequently, it is of great in-
terest to combine mesoporous silica and IONPs as a promising

alternative to developing the potential drug nanocarrier.
Recently, considerable efforts have been devoted to the construction

of hollow mesoporous silica to enhance the drug loading efficiency
[17]. The hollow mesoporous silica spheres (HMSs) were prepared via
the soft/hard-templating routes by removing the interior soft/hard
templates to produce the hollow structure of nanocomposite [18].
However, the existing manufacture techniques suffer the issues in-
cluding complicated experimental set-up and time-consuming process
owing to the complexity of removing template [19]. Therefore, the
development of a facile approach for hollow mesoporous silica-based
nanocomposite is of great significance.

In this work, the magnetic iron oxide nanoparticle-hollow meso-
porous silica spheres (IONP-HMSs) were prepared via an oil-in-water
microemulsion method, and spheres containing CTAB encapsulated
IONP served as the template for the formation of mesoporous silica
shells. The demonstrated method of IONP-HMSs could directly be ap-
plied for the formation of hollow-structured nanocomposite without
any template-removing procedure. Here, the IONP-HMSs served as the
nanocarrier and applied in loading and release of doxorubicin hydro-
chloride (DOX) in vitro. Moreover, the cellular cytotoxicity tests were
conducted to study the biocompatibility of IONP-HMSs. The efficacy of
DOX-loaded IONP-HMSs for cancer therapy was analyzed and dis-
cussed.

https://doi.org/10.1016/j.cap.2019.11.012
Received 5 January 2019; Received in revised form 15 October 2019; Accepted 15 November 2019

∗ Corresponding author.
E-mail addresses: yunteng@eee.hku.hk (Y. Teng), ymdu@eee.hku.hk (Y. Du), jshi@hkbu.edu.hk (J. Shi), ppong@eee.hku.hk (P.W.T. Pong).

Current Applied Physics 20 (2020) 320–325

Available online 04 December 2019
1567-1739/ © 2019 Korean Physical Society. Published by Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/15671739
https://www.elsevier.com/locate/cap
https://doi.org/10.1016/j.cap.2019.11.012
https://doi.org/10.1016/j.cap.2019.11.012
mailto:yunteng@eee.hku.hk
mailto:ymdu@eee.hku.hk
mailto:jshi@hkbu.edu.hk
mailto:ppong@eee.hku.hk
https://doi.org/10.1016/j.cap.2019.11.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cap.2019.11.012&domain=pdf


2. Materials and methods

The IONP-hollow mesoporous silica spheres (IONP-HMSs) were
synthesized through an oil-in-water microemulsion method [18].
Firstly, the square-shape IONPs were prepared using the continuous
thermal decomposition method [20], as shown in Fig. 1(a). Subse-
quently, the resulting IONPs were dispersed in chloroform, mixed with
the aqueous CTAB solution and incubated in 80 °C water bath to eva-
porate the chloroform. The CTAB encapsulated IONP-containing
spheres were formed as templates to direct the formation of hollow
mesoporous silica after evaporation. TEOS was added into the solution,
and after heating at 95 °C for 2 h, a layer of mesoporous silica shell was
coated by CTAB encapsulated IONP-containing spheres. Finally, these
obtained IONP-HMSs were dried under vacuum for further use.

The drug loading and release process of IONP-HMSs were studied
with doxorubicin hydrochloride (DOX). For DOX loading experiment,
IONP-HMSs solutions (2 mg/mL) in PBS buffer was mixed with various
concentrations of DOX solutions (0–0.9 mg/mL, PBS) and stirred vig-
orously for 24 h. Unloaded DOX was quantified by measuring the ul-
traviolet–visible (UV–Vis) absorbance at 480 nm.

The adsorption capacity (wt %) and loading efficiency (%) of the
nanocomposite were calculated based on Equation (1) and Equation
(2), respectively [21,22].

The drug adsorption capacity (wt %) was calculated according to
the following equation:

=

− ∗

∗

C C V
M

Adsorption  Capacity (wt %) [ ] 100initial DOX unbound DOX

(1)

where, Cinitial DOX is the initial DOX concentration, Cunbound DOX is the
concentration of unbound DOX after adsorption. Cinitial DOX and
Cunbound DOX were calculated by measuring DOX concentrations at
480 nm of absorption spectra after calibration. V is the volume of DOX
solution and M is the mass of the adsorbent.

The drug loading efficiency (%) was defined as the following
equation:

=

−

∗
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C

Loading Efficiency (%) 100initial DOX unbound DOX

initial DOX (2)

where, Cinitial DOX is the initial DOX concentration, Cunbound DOX is the
concentration of unbound DOX after adsorption, which were calculated
by measuring DOX concentrations at 480 nm of absorption spectra after
calibration.

To estimate the drug release behavior in vitro, 3 mL of DOX-loaded
IONP-HMSs solution (2 mg/mL, PBS) with pH 5.0 and pH 7.4 were
incubated at 37 °C, and samples were taken at the different time point.
The sample solutions were centrifuged to remove the IONP-HMSs, and
the supernatant was collected to measure the released DOX. The re-
leased DOX was quantified by measuring the UV–Vis absorbance at
480 nm.

HeLa cells were cultured in DMEM supplemented with 10% (v/v)
fetal bovine serum (FBS), penicillin (50 U/mL, Invitrogen), and strep-
tomycin (50 μl/mL, Invitrogen). Cells were incubated at 37 °C in a
humidified atmosphere with 5% CO2. The cytotoxicity of DOX-loaded
IONP-HMSs was investigated by standard methyl thiazolyl tetrazolium
(MTT) assay. The HeLa cells were seeded into 96-well plates and grown
overnight. The cells were then incubated with various concentrations of
DOX-loaded IONP-HMSs and free DOX for 24 h. After that, the cells
were washed with PBS and processed with the standard MTT assay to
determine the cell viabilities relative to the untreated cells as control.
Briefly, the fresh medium containing MTT reagent with concentration
of 0.5 mg/mL was added to each well and incubated for 2 h. After
removing the medium, 100 μL of the DMSO was added into the mi-
croplate well to dissolve the formazan crystals. The absorbance at
490 nm was recorded for each well of the microplate to determine the
cell viability.

3. Results and discussion

The schematic illustration in Fig. 1(b) presents the synthesis pro-
cedures of magnetic iron oxide nanoparticle-hollow mesoporous silica
spheres (IONP-HMSs). The monodisperse IONPs prepared through

Fig. 1. Schematic illustration of (a) synthesis process of square-shape IONP, and (b) the fabrication procedures of IONP-HMSs.
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thermal decomposition method were modified with oleic acid [20,23],
which acted as the capping agent for IONPs due to the strong affinity
between the carboxylic group of oleic acid and surface atoms of iron
oxide NPs [24]. Then the as-prepared IONPs dispersed in chloroform
were transferred into the aqueous CTAB solution to form oil-in-water
emulsions, in which the CTAB encapsulated IONP-containing spheres
were used as templates to direct production of hollow mesoporous silica
spheres. The surfactant CTAB serves as a phase transfer agent for oleic
acid-capped IONP by coupling its alkyl chain to that of oleic acid
through the hydrophobic van der Waals interactions, whilst the hy-
drophilic polar head group (N+-(CH3)3) of CTAB facilitates the aqueous
dispersion of IONPs with thermodynamically defined bilayer structures
[25]. The hydrolyzation and condensation process of added TEOS re-
sulted in the formation of amorphous silica on the surfaces of IONPs.
Finally, the magnetic iron oxide nanoparticle-hollow mesoporous silica
spheres (IONP-HMSs) were collected after refluxing to remove excess
CTAB.

The transmission electron microscopy (TEM) image in Fig. 2(a) il-
lustrated that the square-shape IONPs are monodisperse with the
average size of 23.89 ± 1.6 nm (Fig. 2(b)). The magnetic properties of
as-prepared IONPs were studied by measuring the hysteresis loop (MH
curve). As shown in Fig. 2(c), the magnetization curve exhibiting
magnetic remanence of 0.244 emu/g and coercivity of 18.8 Oe, re-
spectively. Due to the magnetic remanence, the IONPs aggregated at
one side of the CTAB encapsulated spheres, resulting in an IONP-cap-
ping morphology. The square-shape IONPs were assembled with CTAB
encapsulation as shown in Fig. 2(d). After the hydrolyzation and con-
densation process of added TEOS, the mesoporous silica shells were
coated onto the IONP-containing droplets. Finally, the TEM image of
the IONP-HMSs with hollow interior cavity and mesoporous silica shell
was shown in Fig. 2(e). The scanning electron microscopy (SEM) image
of IONP-HMSs was presented in Fig. 2(f), and the EDX elemental
mapping in the inset indicated the existence of Fe in IONP-HMSs. These
results demonstrate the successful synthesis of IONP-HMSs based on an
oil-in-water microemulsion system.

Fig. 2. (a) TEM image of IONP, (b) Histogram of the particles sizes of IONP, (c) magnetization curve of IONP, (d) TEM images of the IONP-containing droplets before
coating silica, (e) TEM images of IONP-HMSs, and (f) SEM image of IONP-HMSs (inset: SEM-EDX elemental mapping for Fe).

Fig. 3. (a) FTIR spectrum of IONP and IONP-HMSs, and (b) TGA curve of IONP-
HMSs.
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The Fourier transform infrared (FTIR) spectrum confirmed the for-
mation of IONP-HMSs. As presented in Fig. 3(a), two characteristic
strong absorption bands at 610 cm−1 and 478 cm−1 are corresponding
to the Fe–O bond of IONPs [26,27]. The presented broad absorption
band at 3300–3500 cm−1 is the indication of the existence of Si–O–H,
and the active band located at around 1100 cm−1 is the stretching vi-
bration of Si–O–Si, which identifies the presence of SiO2 on the surface
of IONPs [27,28]. Thermogravimetric analysis (TGA) was also carried
out to verify the preparation of IONP-HMSs. The TGA curve in Fig. 3(b)
shows that the total weight loss of IONP-HMSs was ~25.5%. The ob-
served weight loss below 235 °C was attributed to the evaporation of
residue organic solvent and water, while the main weight loss at
235–515 °C resulted from the dihydroxylation of silanol groups (Si–OH)
of mesoporous silica shells. All these characterization results confirm
the composition of prepared IONP-HMSs containing both magnetic
nanoparticles and mesoporous silica shells.

The DOX molecules form strong π-π interactions with the surface of
hollow silica sphere. The DOX loading on the surface of hollow silica
sphere through π-π stacking mechanisms [29]. The hollow interior
cavity offers IONP-HMSs sufficient capacity to carry drug molecules,
while the mesopores shells can be used for drug transportation and pH-
triggered drug release from the interior cavity [30]. Based on these
characteristics, we explored the feasibility of IONP-HMSs as nanocarrier
of anti-cancer drug. The DOX-adsorption capacity and DOX-loading
efficiency of IONP-HMSs were determined by the UV–Vis absorbance at
480 nm [31]. Fig. 4(a) exhibited that both the DOX-adsorption capacity
and loading efficiency of IONP-HMSs were enhanced with the in-
creasing of DOX concentration from 100 μg/mL to 900 μg/mL. Finally,
the DOX-adsorption capacity of IONP-HMSs reached 37.3%, while the
DOX-loading efficiency achieved to 62.1%. Besides, the effect of pH
values on the drug loading process was quantitatively investigated. As
shown in Fig. 4(b), the DOX-adsorption capacity and DOX-loading ef-
ficiency of IONP-HMSs displayed an apparent increasing trend at
pH = 7.4 compared with the case at pH = 5.0, owing to the im-
provement of interaction affinity between negatively-charged IONP-
HMSs and positively-charged DOX molecules at high pH value [32]. All
these results demonstrate that IONP-HMSs is a promising candidate for
being utilized as nanocarrier in drug delivery system.

The cumulative DOX release profile of IONP-HMSs was recorded
under acidic condition (pH = 5.0) and physiological-similar condition
(pH = 7.4) at room temperature. As shown in Fig. 5, the amount of
DOX-released from IONP-HMSs only achieved 12.7% after 6 h

incubation and finally increased to 20.8% after 24 h at pH = 7.4. While
in acidic condition with pH = 5.0, more than 30% DOX was rapidly
released from DOX-loaded IONP-HMSs during the first 6 h and finally
reached to 56.2% after two days of 48 h incubation. However, only
23.1% of DOX was released from IONP-HMSs at pH = 7.4 after 48 h.
The results indicate that the drug release of IONP-HMSs could be trig-
gered by acidic pH. This pH-triggered release property of DOX could be
explained by the increased protonated carboxyl and amino groups on
DOX in an acidic environment, which would weaken the binding force
between DOX and nanoparticles [33–35]. The pH-triggered release
strategy of DOX was desired in cancer therapy owing to the existence of
cancer cells in an acidic environment.

The cell viability of IONP-HMSs to HeLa cells in vitro was

Fig. 4. (a) Quantitative analyses the effect of initial DOX concentration on DOX-adsorption capacity and DOX-loading efficiency of IONP-HMSs, and (b) Quantitative
analyses the effect of pH values on DOX-adsorption capacity and DOX-loading efficiency of IONP-HMSs (Notes: data are displayed as mean ± SD with n = 3).

Fig. 5. Quantitative analyses of cumulative DOX-released from IONP-HMSs
over time with different pH values at 7.4 and 5.0 (Notes: data are displayed as
mean ± SD with n = 3).
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investigated with an MTT assay as presented in Fig. 6(a), the IONP-
HMSs showed the negligible cytotoxicity to HeLa cells after incubation
of 24 h, and there were even more than 85% of cell viability after 48 h.
These results indicate the biocompatibility of IONP-HMSs. Further-
more, the therapeutic efficacy of IONP-HMSs was studied through the
comparison of the cell viability of DOX-loaded IONP-HMSs with the free
DOX to HeLa cells with various concentrations (Fig. 6(b)). The cell
viability of both DOX-loaded IONP-HMSs and free DOX were very close
with lower concentration and then increased gradually with the in-
crease of drug concentration. The HeLa cells treated by DOX-loaded
IONP-HMS exhibited lower cell viability compared with that of free
DOX under all the various concentration, revealing the enhancement of
DOX therapeutic efficacy for HeLa cells via the conjugation with IONP-
HMSs.

4. Conclusions

We have developed a facile method to fabricate the magnetic iron
oxide nanoparticle-hollow mesoporous silica spheres (IONP-HMSs) via
an oil-in-water microemulsion system, which contains the assembling
process of square-shape IONPs and the later formation of mesoporous
silica shell. This microemulsion-based method provides a simple way to
produce hollow-structure nanocomposite without any complicated
template-removing procedure. In our study, the magnetic property of
IONPs has been investigated. The mesopores silica shell can be used for
transportation and release of drug from the internal cavity due to the
internal hollow cavity offering the ability to carry drug molecules. The
as-prepared IONP-HMSs can act as the desired candidate of nanocarrier
in drug delivery system as demonstrated by the investigation of DOX
loading and pH-triggered release from IONP-HMSs in this paper. The
cell viability test demonstrated the excellent biocompatibility of this
IONP-HMSs and the enhanced therapeutic efficacy of this nanocarrier
to HeLa cells.

In addition, since these IONP-HMSs can combine magnetic property
of IONP and hollow mesoporous structure of silica spheres, in the future
they could be applied to the development of magnetic drug delivery
system that can be guided to the targeted domain by applying the
magnetic field. The facile route for the synthesis of IONP-HMSs could
be a promising platform for the future development of drug delivery
and cancer therapy.
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