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Magnetic field-responsive iron oxide-loaded hollow mesoporous
silica nanocapsules that exhibit high drug loading capacity were
synthesized using polymer nanospheres as sacrificial templates.
Due to their magnetic field induced heating and remotely triggered
drug release capabilities, these hybrid nanomaterials provide
an excellent platform for the combination of hyperthermia and
chemotherapy.

The unique physicochemical properties of nanoparticles pro-
vide a versatile platform for many biomedical applications,
such as imaging, diagnosis, and drug delivery systems." Among
the nanoparticles of interest, mesoporous silica nanoparticles
(MSNs) have been widely investigated as potential drug carriers
because of their large surface area, ease of surface modification
and good biocompatibility.” In particular, hollow MSNs have
recently attracted increasing interest, due to their payload
capacity and sustained release capability. When designing a
MSN-based drug delivery system there are two main aspects,
which are paramount and highly desirable for clinical applica-
tions that need to be addressed:* (1) targeted delivery capability
and (2) controlled release behaviour, which can remarkably
improve the therapeutic efficiency (increase drug accumulation
in target tissue) and greatly minimize side effects (lower drug
accumulation in healthy tissue).” Currently, the most explored
approach for achieving controlled drug release using MSN
carriers is through surface functionalization that entails deri-
vatization with pH sensitive or biomolecule responsive gates.
However, pH and biomolecular triggered release methods are
challenging in practical applications because of the complexity
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of the in vivo environment. In addition, these responsive gate
coatings prevent further modification (e.g. functionalization
with targeting moieties), which is essential for achieving tumor
targeted delivery. Thus, triggering the release from inside the
MSNs by an external and noninvasive physical stimulus and
maintaining a functionalizable nanoparticle surface are highly
desirable. Most recently, light enhanced drug release using
photo-responsive Au nanorods®® and graphene®” loaded MSNs
has been achieved. However, the practical application of photo-
triggered drug delivery systems can be limited due to the low
tissue penetration depth of light (several mm for near infrared
light).® In comparison, human tissues are transparent to the
magnetic field,” thus the use of a magnetic field can serve as an
alternative approach to overcome the limitations mentioned
above.® Herein, we encapsulated iron oxide nanoparticles
(IONPs) inside hollow mesoporous silica shells, which enable
the resulting nanocapsule drug delivery system to be responsive
to an alternating magnetic field (AMF). The localized heat
generated by the IONPs under AMF excitation can significantly
promote drug release and ultimately raise the temperature
of the surrounding media to clinical hyperthermia levels
(41-46 °C) for potential cancer therapy applications.” In addition,
sustained drug release behaviour due to the hollow interiors
of the host mesoporous silica structure was also observed.
Therefore, the synthesized nanocapsules proved to be promising
materials for combined hyperthermia and chemotherapeutic
drug delivery applications.

The methodology used to prepare the hollow mesoporous
silica nanocapsules that are loaded with IONPs is illustrated in
Scheme 1. Briefly, oleic acid coated IONPs with an average
diameter of 12 nm were embedded in a polymer layer via an
emulsion polymerization method, according to a previously
reported method with slight modifications.'® The successful
encapsulation of IONPs within the polymer nanospheres
(94 £+ 8 nm) is evident from the TEM image shown in Fig. 1a.
The polymer nanospheres were then used as templates for growing
the silica coating using a sol-gel approach."" The obtained nano-
structure exhibits a core-shell morphology with a silica shell
thickness of ~25 nm, as shown in Fig. 1b. The iron oxide-loaded
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Scheme 1 Schematic illustration of nanocapsule synthesis, drug loading and
magnetic hyperthermia induced release.

Fig. 1 (a) TEM images of polymer-encapsulated IONPs, (b) silica-coated polymer-
encapsulated IONPs, and (c) iron oxide-loaded hollow mesoporous silica nano-
capsules. Insets: respective HR-TEM images of the nanoparticles during different
fabrication stages.

hollow mesoporous silica nanocapsules were subsequently
formed by heat treatment at 550 °C for 6 hours, which led to
the simultaneous mesopore formation and removal of the organic
polymer layer. FT-IR and powder X-ray diffraction analysis of the
nanocapsules before and after heat treatment showed the effective
removal of the polymer template and preservation of the IONPs
phase after annealing (ESLT Fig. S1). As revealed in the inset of
Fig. 1c, randomly distributed mesopores were generated in the
shell, and the distinct contrast between the shell and the nano-
material interior confirmed the hollow structure. One exciting
aspect of this preparative method is that it provides a modular
synthesis approach with many tunable parameters, such as iron
oxide nanoparticle loading, inner core size, silica shell thick-
ness and pore size.'® Moreover, there is great potential for
extending this fabrication method to make multi-functional
hollow mesoporous silica nanomaterials with different types of
encapsulated nanoparticles.

A typical IV isotherm (Fig. 2a) with a distinct hysteresis loop
starting at P/P, = 0.4-0.5 was observed from N, adsorption-
desorption measurements, demonstrating the mesoporous char-
acteristics of the nanomaterial.>'*> The BET surface area and
single-point total pore volume were measured to be 494 m* g~ *
and 0.533 em® g, respectively, which are relatively large values
for magnetic nanocomposites.”® The pore size of the nano-
capsules was calculated from the desorption branch of the
isotherm and was found to be centered at 3.8 nm, as shown
in the inset of Fig. 2a, and is consistent with what has been
previously reported in the literature.>® The magnetization
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Fig. 2 (a) N, adsorption—desorption isotherms of the synthesized iron-loaded hollow
mesoporous silica nanocapsules; inset: a pore size distribution plot. (b) Magnetization
curve of the nanocapsules at 300 K; inset: photograph of the Dox-loaded nanocapsules
and their response to an external magnet. (c) UV-Vis absorption spectra of Dox solution
before and after loading in the nanocapsules. (d) Heating curves of the nano-
capsule suspension under alternating magnetic field excitation during the 7
exposures of 40 min each.

properties of the nanocapsules were studied using a super-
conducting quantum interference device (SQUID) magnetometer
(Fig. 2b). Neither coercivity nor remanence was observed in the
magnetization curves of the nanocapsules, indicating that the
superparamagnetic behaviour of the IONPs was maintained
throughout the fabrication process (ESI,T Fig. S2). Although the
resulting overall magnetization of the IONPs decreased upon
encapsulation inside the hollow mesoporous silica structure, the
resulting hybrid nanocapsules still show a good response to an
external magnet as shown in the inset of Fig. 2b.

To demonstrate the potential of the prepared nanocapsules
for controlled drug delivery, doxorubicin hydrochloride (Dox),
a common anticancer drug, was employed as a model drug to
investigate the loading capacity, encapsulation efficiency and
in vitro release rate. Large amounts of Dox can be loaded in the
synthesized nanocapsules, which can be attributed to the large
hollow interiors and strong electrostatic interaction between
the positively charged Dox and the negatively charged silica
surface.’? By increasing the concentration of Dox in solution,
up to 385 mg of Dox was loaded per gram of the nanocapsules,
which is higher than the amount that was loaded in solid meso-
porous silica with a larger surface area."* However, the loading
efficiency decreased as expected at high concentration of Dox from
97% for 97 mg g~ loading to 70% for 385 mg g~ loading.

When an alternating magnetic field was applied to the drug
loaded system, the nanocapsule suspension showed a fast
magnetic field response and the temperature of the suspension
gradually raised up to 43 °C for a sample with a concentration of
1.3 mg mL ', As the concentration of the nanocapsules was
increased, the temperature of the media raised up to 46 °C (ESLT
Fig. S3). As mentioned above, this magnetic hyperthermia effect
can be used as a therapeutic method for cancer treatment.

The Dox release from the synthesized nanocapsules with two
different drug loading amounts (97 mg g~ ', Fig. 3a and 385 mg g~ ',
Fig. 3b), was investigated in pH 7.4 and pH 5 Tris buffers.
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Fig. 3 Cumulative release of Dox with and without AMF at different pHs and
temperatures for 97 mg g~ ' (a) and 385 mg g~ (b) drug loaded nanocapsules.

For the nanocapsules with the low Dox loading, the drug is
expected to be mainly absorbed in the pores of the silica shell,
thus showing a faster initial drug release at pH 7.4, followed by
a plateau (Fig. 3a), which is similar to the release of Dox from
solid MSNs.*” Lowering of the pH resulted in a slight increase in
the release rate due to a decrease in the electrostatic interaction
between payload and silica caused by the protonation of surface
silanols at low pH values."* On the other hand, the nanocapsules
with the high Dox loading showed continuous release behaviour
at a nearly constant rate over 7 hours at both pH values (Fig. 3b),
which could be attributed to the storage of a significant amount
of drug inside the hollow cores. For both drug loadings, excita-
tion with an AMF was found to greatly promote the release of
Dox. The cumulative drug release under AMF exposure was
about 1.8 and 2.6 times greater than that without the magnetic
stimulus for the sample with 97 and 385 mg g ' Dox loading,
respectively, within the 7 hour observation window. However,
the influence of pH in the presence of the AMF was found to be
negligible, but might be advantageous for magnetic field triggered
drug release in complex bio-environments. Moreover, in order to
demonstrate that the enhanced drug release was due to the local
internal heating caused by the IONPs under AMF excitation,
a control drug release experiment at 43 °C in the absence of AMF
was performed. As shown in Fig. 3, the drug release at 43 °C is
slightly higher than what was observed at room temperature,
which can be explained by the accelerated diffusion of the Dox
molecules throughout the pores of the nanocapsules at elevated
temperature. However, an even more enhanced release rate can
be seen under AMF excitation (Fig. 3). The observed accelerated
drug release under AMF excitation can be attributed to the
temperature gradient that develops between the internal cavity
versus the outside environment of the nanocapsules, which in
turn stimulates drug diffusion."®

In summary, we have described a modular approach to prepare
multi-functional hollow mesoporous silica nanocapsules with
encapsulated IONPs. The hollow mesoporous silica nanostructures
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provide a large drug loading capacity and sustained release
property, while the loaded IONPs can serve as magnetic field
responsive hyperthermia agents. Moreover, the magnetic field
response of the synthesized nanocapsules can significantly
promote the release of payload to the surrounding media.
In addition, compared to other pH/biomolecular gate controlled
systems, in our drug delivery system the silica surface remains
available for further functionalization with targeting ligands.
Thus, the synthesized hybrid nanocapsules provide a promising
platform for the combination of hyperthermia and chemotherapy
for cancer treatment applications.
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