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We have synthesized hollow mesoporous silica (HMS) at a zeolitic imidazolate framework (ZIF) capsule that can be used as a drug
delivery system for gentamicin (GM). The GM is first loaded into HMS. Then, the outer surface of the GM/HMS is coated with
uniformed ZIF nanoparticles (denoted as GM/HMS@ZIF). The GM/HMS@ZIF has been successfully prepared and acts as a
capsule for GM. The GM/HMS@ZIF shows a good biocompatibility and a good cellular uptake in House Ear Institute-Organ of
Corti 1 (HEI-OC1) cells. The GM is released slowly within 10h under acidic conditions, which is used to simulate the pH of the
endosome and lysosome compartments. The in vivo assay shows that the signal from fluorescein isothiocyanate (FITC) can be
observed after 15 days, when the mice were injected with FITC/HMS@ZIF. This opens new opportunities to construct a delivery
system for GM via one controlled low dose and sustained release for the therapy of Méniére’s disease.

1. Introduction

Meéniere’s disease is a common inner ear disorder [1]. The
clinical observation of Méniére’s disease includes episodic
vertigo, fluctuating hearing loss, tinnitus, and aural fullness,
which negatively impacts the patient’s life both physically
and psychosocially. The gentamicin (GM) administration
has been widely used for the treatment of Méniére’s disease
and has demonstrated to be effective in clinical applications.
To avoid the systemic effect of aminoglycoside, Schuknecht
developed a technique to deliver streptomycin intratympani-
cally, which could control vertigo admirably [2]. Although
intratympanic injection proves to be efficient, the high dose
of the gentamicin in the local area of ears causes ototoxicity
[3]. Despite that gentamicin is a very effective aminoglyco-
side, its potential ototoxicity which is of irreversible nature
makes it a challenge and limits its application [4-13]. The
use of low-dose and less frequent intratympanic gentamicin

injection could solve this problem. More recently, control-
lable delivery systems for GM via sustained release have
attracted many scientists’ attentions. This kind of delivery
system could deliver a precise and consistent amount of
medicine to the round window due to continuous release
of low-dose drug [14]. However, it is still challenging to
construct a designable drug delivery system that can con-
tinuously release gentamicin and allow the control of the
administration of the drug.

In the present study, the potential of nanomaterials as a
neural interfacing material for drug release, neural repair,
and regeneration has been widely explored [15-17]. More
recently, metal-organic frameworks (MOFs) constructed by
the coordination of metal ions or clusters with organic
ligands have been developed [18-28]. MOFs have been used
as a controlled delivery system for functional molecules, such
as DNA, enzyme, fluorescein, and drugs [29-35]. Zeolitic
imidazolate framework- (ZIF-) 8 is built from Zn ions and
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FiGure 1: HMS/ZIF capsule for gentamicin.

2-methylimidazole (Hmim), which is a nontoxic and bio-
compatible ZIF [36-44]. However, the size of most drugs is
larger than that of the pore opening of ZIF-8 (3.4A). It
is difficult to load drugs by a postloading method. A
one-pot synthetic route to encapsulate drugs in ZIF-8
nanoparticles has been developed [37]. A sustained release
of drugs from the drug-loaded ZIF-8 has been achieved
due to the decomposition of the ZIF framework under
acidic conditions. However, the loading of drugs in ZIF
is limited to 20 wt%. The use of high dose of ZIF carriers
would give rise to the cytotoxicity due to the necrosis,
which is caused by the nano-sized particle and unpro-
grammed cell death [34, 35, 45]. Therefore, a ZIF-based
drug delivery system with a higher loading of drugs and
a controlled release manner is still of high demand.

Here, we have synthesized hollow mesoporous silica
(HMS) at a ZIF capsule as a carrier for GM (Figure 1). The
nanocarriers improve the existing treatment, since they can
alter biodistribution profiles and pharmacokinetics. HMS
has huge inner cavities and radially oriented mesochannels,
which are useful for drug storage and delivery [46-50]. The
mesochannels are perpendicular to the surface connecting
the outer environment and the inner cavity. The GM is
loaded in the inner cavities of the HMSs. The loading of
GM can reach up to 38 wt% in GM/HMS@ZIF due to the
big volume of the inner cavity. We demonstrate the sustained
release of GM from the GM/HMS@ZIF capsule by in vitro
and in vivo assays.

2. Materials and Methods

2.1. Synthesis of the HMSs. Typically, 60mL of ethanol,
100 mL of H,0, and 2 mL of concentrated ammonia aqueous
solution (25 wt% NH,) were added into a 250 mL flask. 0.3 g
of CTAB was dissolved in ethanolic solution [51]. The
mixture was then heated to 35°C, and tetraethyl orthosilicate
(TEOS, 2 mL) was rapidly added under vigorous stirring. The
solid mesoporous silica nanospheres were dispersed in dis-
tilled water (320 mL) at 100°C for 48 h and washed again with

ethanol and dried under high vacuum. The surfactants were
removed by calcination at 550°C for 6 h.

2.2. Synthesis of GM/HMS@ZIF Capsules. 30mg of HMS
was suspended in 5mL of ethanolic solution containing
70mg GM. The suspension was conducted at 45°C under
vacuum to remove the solvent. The obtained powder was
dried by freezing-drying under vacuum. Then, 0.1g of
GM/HMS was added to 10 mL aqueous solution contain-
ing 1.89g Hmim. Subsequently, a solution of 0.0975g
Zn(NO,), in 1 mL H,O was added. The mixture was stir-
red at room temperature for 5min, followed by centrifuga-
tion and washing with deionized water. The GM/
HMS@ZIF capsule was then obtained. The same synthesis
approach was applied to prepare fluorescein isothiocyanate
(FITC)/HMS@ZIF. Part of GM/HMS@ZIF was dissolved
in HCI solution. The amount of GM in the supernatant
was determined by high-performance liquid chromatogra-
phy (HPLC). The detection of GM was carried out at
280nm. The loading of GM was calculated as loading of
GM (Wt%) = Mg/ Mo

2.3. Confocal Microscopy. House Ear Institute-Organ of Corti
1 (HEI-OC1) cells were seeded at a concentration of 1 x 10°
cells per well onto the surface of coverslips placed in plates
and precultured for 24h at 37°C. Then, the medium was
removed, and fresh medium that contained FITC/HMS@ZIF
2 mg-L_l) was added. After 2, 8, or 24h of incubation, the
cells were washed twice with PBS and then fixed with 4%
paraformaldehyde in PBS for 15min at RT. The cells were
then stained with 2.5mg-L™" of 4',6-diamidino-2-phenylin-
dole (DAPI) for 10 min and mounted with ProLong Gold
antifade mounting medium. The stained samples were exam-
ined at excitation/emission wavelengths of 405/461 nm for
DAPI and 490/530 nm for FITC.

24. MTT Assays in Breast Cancer. The Michigan Cancer
Foundation- (MCF-) 7 cells were seeded at 1x10° cells
per well onto 96-well plates and were cultured in media
containing 10% fetal calf serum. The suspensions of
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FIGURE 2: SEM images and TEM images of solid MS (a, b), HMS (¢, d), and GM/HMS@ZIF (e, ), respectively.

samples at various concentrations were added and culti-
vated at 37°C for 24h. 10uL of MTT (3-(4,5,-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added
to each well after 24h. The MCEF-7 cells were further incu-
bated for another 4h. The MTT medium was removed,
and then DMSO was added to each well. The absorbance
at 570nm was determined with a plate reader.

2.5. A Stepped Release of GM from GM/HMS@ZIF. 10 mg of
the GM/HMS@ZIF capsule was tested in a 20.0 mL buffer
solution (pH7.4) of 10% (v/v) FBS at 37°C. The pH of the
solution was then adjusted to 5 with diluted HCI (0.6 M).
The release percentages of GM were calculated according

to the formula (release percentage (%)=mr/ml, in which
mr is the amount of released GM while ml is the total
amount of loaded GM). The amount of GM was determined
by HPLC. When using FITC/HMS@ZIF, the amount of FITC
was determined by a fluorescence spectrophotometer. The
FITC was examined at excitation/emission wavelengths of
490/520 nm.

2.6. In Vivo Imaging of FITC/HMS@ZIF in a Rat Model. KM
mice, 4-5 weeks old, were used. Mice were randomly assigned
to three groups (n = 6): group 1 for PBS solutions as control,
group 2 for free FITC solution, and group 3 for FITC/
HMS@ZIF. 50 uL of PBS solution, 50uL of free FITC
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FiGure 3: Wide-angle PXRD patterns (a), small-angle PXRD patterns (b), and FTIR spectra (c) of solid MS, HMS, GM/HMS, and GM/
HMS@ZIF. (d) Release profiles of GM from GM/HMS@ZIF capsules by stepwise acidification.

5 mg-mL_l), or 50 uL of FITC/HMS@ZIF (10 mg-mL_l) was
subcutaneously injected by postauricular hypodermic
injections of mice. The images of mice were taken after
treatment for 1, 3, 5, 8, 12, and 15 days. The mice were anes-
thetized by a mixed anesthesia of ketamine and chlorproma-
zine. The release of FITC in the ear after subcutaneous
injection was monitored continuously by an in vivo imaging
device. The samples were examined at excitation/emission
wavelengths of 490/530 nm.

3. Results

The HMS was synthesized by two steps. The solid meso-
porous silica (denoted as solid MS) was first generated
by a surfactant assembly sol-gel process. A scanning elec-
tron microscopy (SEM) image showed that the solid MS
had a particle size of 550nm (Figures 2(a) and 2(b)).
The solid MS was then incubated in H,O at 100°C for
48h. The hydrothermal treatment changed the spontane-
ous morphology to the desired hollow structure, which
was demonstrated by the difference between the hollow and
the shell (Figures 2(c) and 2(d)). The mesopores in the shell
enable the efficient mass transfer between the outside

environment and the inner core (Figure 2(d), inset). As
shown in Figure S1, the morphology of the GM-loaded
HMS (denoted as GM/HMS) did not change. The powder
X-ray diffraction (PXRD) patterns of solid MS, HMS, and
GM/HMS showed a broad peak at 20°, which was attributed
to the amorphous framework of the silica (Figures 3(a) and
3(b)). The Fourier-transform infrared spectroscopy (FTIR)
showed the relative intensity of Si-O bending bands at
960 cm ™' in HMS and GM/HMS (Figure 3(c)). The infrared
vibrations around 1350-1500cm™' were then assigned to
the C-H vibrations of the GM in GM/HMS, demonstrating
the successful loading of GM in HMS.

The mesopores in the shell are still accessible in GM/
HMS. As shown in Figure 2(e), after coating ZIF-8 on the
outer surface, HMS was completely covered by ZIF-8
nanoparticles. These nanoparticles present rhombic
dodecahedral shapes with 50-200nm in size. The hollow
structure was not affected by the ZIF-8 coating. The sharp
diffraction peaks of GM/HMS@ZIF fitted well with the
previously reported peaks of ZIF-8, which implied the
high crystallinity of ZIF-8. FTIR spectrum also demon-
strated the formation of ZIF-8. N, adsorption/desorption
isotherms of GM/HMS@ZIF was shown in Figure S2.
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FIGURE 4: SEM image (a), TEM image (b), PXRD pattern (c), photograph (inset), and FTIR spectrum (d) of the FITC/HMS@ZIF capsule.

The capillary condensation in the range of p/p0 at 0.2-0.3,
which can be attributed to the mesopores in the shell,
disappeared. The mesopores were fully capped by ZIF-8
nanoparticles, and the GM/HMS@ZIF thus acted as a
capsule and stored GM in the inner cavity. GM loading
in the GM/HMS@ZIF was calculated to be 38 wt%. We
tested the dynamic light scattering (DLS) of GM/HMS@ZIF
(Figure S3). GM/HMS@ZIF had a narrow particle size distri-
bution in the aqueous solution of 0.9% NaCl. These nanopar-
ticles were highly dispersed, as a result of its high { potential
of +30.1. There was no release of GM from GM/HMS@ZIF at
pH 7.4 for 15 days, which demonstrated the safe storage of
GM before passing the endosome and lysosome compart-
ments (Figures 3(d) and S4) [52, 53].

We further studied the potential of the HMS@ZIF as a
drug delivery system for GM. The cell assays showed that
the viability of cells was higher than 95% after the treatment
of MCEF-7 cells with HMS@ZIF for 24 h. This result indicated
that our material had a good biocompatibility (Figure S5).
FITC was a modeling fluorescence and was used as a labelling
agent in biomedicine. We chose FITC to replace GM for
further investigation of the cellular uptake of our material.
An SEM image showed that FITC/HMS@ZIF had a similar

morphology to GM/HMS@ZIF (Figure 4(a)). As shown in
Figure 4(b), the HMS was completely covered by nanocrys-
tals. The PXRD demonstrated that these nanocrystals were
ZIF nanocrystals (Figure 4(c)), while the FTIR spectra dem-
onstrated the successful loading of FITC and the formation
of ZIF in FITC/HMS@ZIF (Figure 4(d)). Confocal micros-
copy was then used to investigate the uptake of FITC/
HMS@ZIF into HEI-OCI cells (Figure 5). After the incuba-
tion with HEI-OC1 cells for 2, 8, and 24h, the FITC/
HMS@ZIF exhibited efficient intracellular uptake. The
FITC/HMS@ZIF nanoparticles are located mainly in the
cytoplasm and accumulated around the cell nuclei, which
showed that the GM/HMS@ZIF nanocapsules had pass
through the cell membrane. The transfer between the circula-
tion in the bloodstream and the endosome and lysosome
compartments (pH 5-6) was mimicked by a stepped release
system. About 75% of GM were released slowly from the
GM/HMS@ZIF within 10h at pH 5.0. Therefore, a sustained
release of GM from GM/HMS@ZIF can be achieved using
this designable drug delivery system.

We took the in vivo images of mice after administration
of free FITC and FITC/HMS@ZIF after several days
(Figure 6). The mice were treated with free FITC or FITC/
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FIGURE 6: In vivo imaging of mice after administration of free FITC (a) and FITC/HMS@ZIF (b) at 1, 3, 5, 8, 12, and 15 days.
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HMS@ZIF by postauricular hypodermic injections. When
free FITC was used, no signal from FITC could be observed
after 3 days. The signal with high intensity was observed from
the mice injected with FITC/HMS@ZIF even after a long
period of 15 days, demonstrating a continuous and sustained
release of FITC form FITC/HMS@ZIF. Compared with free
drug, the nanocarriers of HMS@ZIF may change both the
pathways to the circulation due to the nanosize. Further-
more, the drug-eliminated half-life of GM might also change
due to the freshly released GM at each subtle time period.
Therefore, it is possible to construct an efficient delivery sys-
tem with a controlled release manner. This novel delivery
system for GM would make the treatment dosage of the
GM precise and can be used to prevent the side effects of
the GM, especially ototoxicity, during the treatments of
M¢éniére’s disease in clinical applications.

4. Discussion

We have synthesized HMS@ZIF capsule that can be used as
controlled drug delivery system for GM. The GM has been
first loaded into HMS. Then, the obtained GM/HMS has
been coated with uniformed ZIF nanoparticles on the outer
surface. The GM/HMS@ZIF has been successfully prepared
and acts as a capsule. The GM/HMS@ZIF shows a good bio-
compatibility and a good cellular uptake in HEI-OC1 cells
and is located in the cytoplasm. The GM is released slowly
within 10 h under acidic conditions, which is used to simulate
the pH of the endosome and lysosome compartments. The
in vivo assay shows that the signal from FITC can be
observed after 15 days from the mice that were injected with
FITC/HMS@ZIF. This opens new opportunities to construct
a delivery system for GM via one controlled low dose and
sustained release for the therapy of Méniére’s disease.
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