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Bortezomib (BTZ) is the first clinically approved proteasome inhibitor for treating multiple human ma-
lignancies. However, the poor water-solubility and low stability of BTZ and the emergence of tumor
resistance have severely restrained its therapeutic efficacy. Herein, we report the application of hollow
mesoporous silica nanospheres (HMSNs) in encapsulating BTZ for drug delivery. In in vitro cell viability
assay on human NSCLC H1299 cells, the half-maximum inhibiting concentration (IC50) of HMSNseBTZ
was 42% of that for free BTZ in 48 h treatments. In vivo tumor-suppression assay further indicated that
HMSNseBTZ (0.3 mg/kg) showed approximately 1.5 folds stronger anti-tumor activity than free BTZ.
Furthermore, we report that more potent induction of cell cycle arrest and apoptotic cell death, along
with promoted activation of Caspase 3 and autophagy might mechanistically underlie the improved anti-
tumor efficacy of HMSNseBTZ. Finally, the tumor-suppressing effect of HMSNseBTZ was enhanced in the
presence of wild-type p53 signaling, suggesting a potential enhancement in clinical efficacy with com-
bined p53 gene therapy and BTZ-based chemotherapy. Therefore, the HMSNs-based nanoparticles are
emerging as a promising platform to deliver therapeutic agents for beneficial clinical outcomes through
lowering doses and frequency of drug administration and reducing potential side effects.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Cancer posesmajor threat to humanhealthworldwide [1], among
which lung cancer is the leading cause of cancer mortality [2,3]. In
particular, non-small cell lung cancer (NSCLC) accounts for approxi-
mately 80% of all primary lung cancer. Patients with early stage of
NSCLC, although deemed suitable for curative treatment, maintain a
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significantly high rate of relapse after therapy [4,5]. Patients with
advanced cancer are often treated with systemic chemotherapy but
response and 5-year survival rate is less than 3% with a median sur-
vival of 8e11 months after a standard chemotherapy [6].

Degradation of more than 80% of cellular proteins goes through
the ubiquitineproteasome system (UPS). Proteasome-dependent
proteolysis is known to regulate almost all aspects of cellular ac-
tivity, including cell cycle, apoptosis and intracellular signal trans-
duction [7e9]. Inhibition of the proteasome disrupts protein
homeostasis and attenuates multiple signaling pathways that
promote tumor transformation has become a very attractive anti-
cancer therapy [10e12]. Bortezomib (BTZ), which reversibly binds
to the chymotrypsin-like activity of proteasome b5 subunit, PSMB5
[13], was the first proteasome inhibitor clinically approved for
treating multiple myeloma [14e17] and mantle cell lymphoma
oporous silica nanospheres to encapsulate bortezomib and improve
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[18e20]. Recently, BTZ has been tested on a wide range of human
cancer cell lines, but the efficacy varied [21e27]. Particularly,
single-agent BTZ in patients with NSCLC has limited activity with
responses up to 8% only [28,29]. Meanwhile, clinical complications
and high rates of relapsewith drug-resistant tumors have also been
frequently reported in conventional BTZ chemotherapy [30,31]. BTZ
is hydrophobic and dissolves in water with poor solubility (less
than 1 mg/ml). Once dissolved in aqueous solution, BTZ is only
stable for 8 h at 25 �C [32]. Intravenous administration of hydro-
phobic agents such as BTZ could cause coagulation in blood capil-
laries and elicit serious complications, which also lower the
effective drug doses [33]. Additionally, the mean elimination time
of BTZ is relatively short in patients with advanced malignancies
[34]. The inherent low water solubility, low bioavailability and the
unstable property of BTZ hinder the clinical use for effective cancer
therapy. Hence the development of novel delivery systems for BTZ
without the use of organic solvents is indispensable for efficient
cancer treatment.

Nanoparticles have been developed for application in cancer
therapy as a promising approach to deliver therapeutic agents into
targeted organs or cells [35,36]. Among many drug-delivery sys-
tems, mesoporous silica nanomaterials is one of the most prom-
ising candidates due to their unique properties, including large
surface area, highly-hydrophilic nature, easily modifiable surface
and pore size, as well as good biocompatibility and chemical
inertness [37e42]. Notably, the large surface areas and porous in-
teriors could be used as reservoirs for storing hydrophobic drugs
like BTZ. In particular, the hollow mesoporous silica nanospheres
(HMSNs), whose highly porous feature of the shell allows the
encapsulated drug to easily pass through between the inner void
space and surrounding environment, possess even higher drug
loading capacity as the interstitial hollow space can selectively and
efficiently accommodate more drug molecules [43e46]. Herein, we
report rational design and successful development of BTZ encap-
sulated HMSNs as an effective drug-delivery system (Scheme 1).

2. Materials and methods

2.1. Chemicals and reagents

Cetyltrimethylammonium bromide (CTAB), ammonia aqueous
(NH3$H2O, 25e28 wt%), and ethanol are analytically pure and were
purchased from Sinopharm. 2,20-Azobis(2-methylpropionamidine)
dihydrochloride (V-50, >97.0%), [2-(acryloyloxy)ethyl] trimethy-
lammonium chloride (AETAC, 80 wt % in H2O), Styrene (St, >99.0%,
washed through an inhibitor remover column for removing tert-
butylcatechol and then distilled under reduced pressure prior to
use), Fluorescein isothiocyanate (FITC, 90%), 3-aminopropyl trie-
thoxysilane (APS, 98%), and tetraethylorthosilicate (TEOS, GR) were
obtained from Aladdin. Bortezomib (BTZ) was purchased from LC
Laboratories. Hoechst 33258 and propidium iodide (PI) were pur-
chased from Sigma. Dulbecco’s Modified Eagle Medium (DMEM),
fetal bovine serum (FBS), LysoTracker Red DND-99 were obtained
from Life Technologies. The following antibodies were used: rabbit
anti-Pi-Akt antibody (Signalway Antibody), rabbit anti-Akt anti-
body (Signalway Antibody), mouse anti-Cyclin B antibody (Santa
Cruz), rabbit anti-Caspase 3 antibody (Signalway Antibody), mouse
anti-actin antibody (Sigma), rabbit anti-LC 3 antibody (Cell
Signaling Technology), WST-8[2-(2-methoxy-4-nitrophenyl)-3-(4-
nitro-phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (Dojindo).

2.2. Characterization

The morphologies and structures of the products were charac-
terized by a field-emission scanning electron microscope (S-4800)
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and a field-emission transmission electron microscope (JEOL, JEM-
2100F) at an accelerating voltage of 5 kV and 200 kV, respectively.
UVeVis absorption spectra were measured on UVeVis 1901 Spec-
trophotometer (Phoenix).

2.3. Synthesis of hollow mesoporous silica nanospheres

The polystyrene latex with a size w130 nm (PS-130) was pre-
pared through emulsion polymerization [47]. In a typical proce-
dure,1.0 g of AETAC (80wt% in H2O) was dissolved in 390.0 g H2O in
a 500 ml round-bottom flask. 40.0 g styrene was added to the so-
lution and kept stirring at 800 rpm for 30 min. The mixture then
was purged with nitrogen for 20 min before heating to 90 �C with
an oil bath. Afterwards, 10 ml of an aqueous solution containing
1.0 g V-50 was added. The emulsion was kept at 90 �C for 24 h
under nitrogen to allow the polymerization to complete.

The hollow mesoporous silica nanospheres (HMSNs) with size
of w140 nm was prepared as described previously [47]. Typically,
0.80 g of CTAB was dissolved in a mixture of 29.0 g H2O, 12.0 g
ethanol and 1.0 ml NH3$H2O. 10.0 g of PS-130 was added dropwise
to the above CTAB solution at room temperature under vigorous
stirring, followed by sonication for 10 min. The resulted milky
mixture was then magnetically stirred for 30 min before dropwise
adding of 4.0 g TEOS. The molar ratio of TEOS/CTAB/ethanol/H2O/
NH3 was 1.0:0.11:13.0:87.0:0.83, and the TEOS/polystyrene weight
ratio was 4.3:1.0. The mixture was kept at room temperature for
48 h before the mesoporous silica coated latex was harvested by
centrifugation. The precipitate was washed with ethanol for three
times before drying under vacuum at room temperature for over-
night. Finally the materials were calcined in air at 800 �C for 8 h
with a heating rate at 5 �C/min.

2.4. Preparation of FITC-labeled HMSNs

For modification of the HMSNs’ surfaces with amine groups
[41,48,49], 40.0 mg of as-prepared HMSNswas dispersed in 15ml of
ethanol by stirring and ultrasonication, then 20 ml of APS and 20 ml
of NH3$H2O were added into the above solution, followed by stir-
ring at room temperature for 24 h. Finally, the resultant amine
modified HMSNs was separated by centrifugation, washed with
ethanol to remove unreacted APS and then dispersed into 10 ml of
ethanol, forming amine modified HMSNs/ethanol solution. After
that, 10.0 mg (25 mmol) of FITC dispersed in 5 ml of ethanol, and
then added into the as-prepared 5 ml of amine modified HMSNs/
ethanol solution, followed by stirring at room temperature for 24 h.
The resultant was purified by centrifugation and ethanol wash.
Notably, the products were protected from light during the sample
preparation and storage to prevent photobleaching.

2.5. In vitro bortezomib (BTZ) loading and release

UVeVis spectroscopy was used to determine the amount of BTZ
loaded into the HMSNs [50]. A stock solution of BTZ was used as a
standard and serially diluted to concentrations of 6.0e96.0 mg/ml in
PBS. The serial BTZ solutions of different concentrations were
measured at 270 nm and a linear fit of the data was created and
used as standard curve for the absorption against BTZ concentra-
tion. 20.0 mg of as-synthesized HMSNs and 200 ml of BTZ/DMSO
solution (10 mM or 3.84 mg/ml) were mixed and stirred at room
temperature for 48 h to reach the equilibrium state. The BTZ-loaded
HMSNs was collected and washed three times with PBS to remove
the unbound BTZ by centrifugation at 14,000 rpm for 10 min and
then these supernatant solutions were collected. Encapsulation
efficiency was calculated with the following equation: encapsula-
tion efficiency ¼ (weight of BTZ in HMSNs)/(initial weight of BTZ).
oporous silica nanospheres to encapsulate bortezomib and improve
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Scheme 1. Schematic illustration of the loading and delivery and release of BTZ to the cancer cells by HMSNs.
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In the drug release experiment in vitro, the hereby prepared
BTZ-loaded HMSNseBTZ were dispersed in 4 ml of PBS and stirred
at room temperature. The release solution was centrifuged at an
interval of 1 h and the supernatant was collected, then 4 ml of fresh
PBS was added to the residual of BTZ-loaded HMSNs complexes.
The concentration of BTZ in supernatant was determined by
measuring absorbance at 270 nm (A270) and fitting to standard
curve.

2.6. Cell culture

Human non-small cell lung cancer (NSCLC) cells (H1299, CRL-
5872, HTB-177 cells) were maintained in Dulbecco’s modified Ea-
gle’s medium and supplemented with 10% fetal bovine serum in a
humidified incubator under 5% CO2 at 37 �C.
Please cite this article in press as: Shen J, et al., The use of hollow mes
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2.7. Cellular uptake and internalization

Human non-small cell lung cancer cells H1299 were seeded at a
density of 6000 cells/well on 96-well plates (Costar). 100 mL of
culture medium containing FITC-labeled HMSNs (50 mg/ml) was
added to the culture and incubated for 6 h. The cells were then
incubated with Hoechst 33258 (1.0 mg/ml) for another 1 h, then
stainedwith LysoTracker Red DND-99 (100 nM) for 30min. The cells
were washed with phosphate-buffer saline (PBS) three times, and
observed on Operetta high content analysis system (PerkinElmer).

2.8. Cell viability assay

Human non-small cell lung cancer (NSCLC) cells (H1299, CRL-
5872 or HTB-177) were seeded at a density of 6000 cells/well on
oporous silica nanospheres to encapsulate bortezomib and improve
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96-well plates. After incubating the cells with PBS (as a control),
HMSNs, BTZ, and HMSNseBTZ of indicated concentrations for 24 h
or 48 h, cell viability was assessed in triplicate using WST-8(2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium,monosodium salt) assay with a CCK-8 detection kit
(Dojindo Molecular Technologies, Inc., Gaithersburg, MD) accord-
ing to the manufacturer’s instructions. In brief, 10 ml of CCK-8 so-
lution was added to each well of the plate. The plates were
incubated for 4 h and the absorbance measured at 450 nm on a
plate reader (Thermo Fisher).

2.9. Cell death fluorescent observation

H1299 cells (6 � 103 cells/well) on 96-well plates were incu-
bated with PBS control, HMSNs (0.5 mg/ml), BTZ (75 nM or 150 nM),
or HMSNseBTZ (containing BTZ 75 nM and 150 nM) for 48 h, then
treatedwith Hoechst 33258 (10 mg/ml) for another 1 h, stainedwith
propidium iodide (PI, 100 mg/ml) for 30 min. The cells were washed
with PBS three times, and observed on Operetta high content
analysis system (PerkinElmer).

2.10. Western blotting

H1299 cells seeded on 6-well plates were incubated with PBS
control, HMSNs (0.5 mg/ml), BTZ (150 nM), and HMSNseBTZ
(containing BTZ 150 nM) for 48 h. Then cells were lysed in RIPA
buffer (50 mM TriseHCl, pH 7.2, 150 mM NaCl, 1% NP40, 0.1% SDS,
0.5% DOC, 1 mM PMSF, 25 mM MgCl2, and supplemented with a
phosphatase inhibitor cocktail) and subjected to immunoblotting
analysis with indicated antibodies. Actin was probed as internal
control.

2.11. Cell cycle and apoptosis analysis

H1299 cells seeded on 6-well plates were treated with PBS
control, HMSNs (0.5 mg/ml), BTZ (75 nM and 150 nM) and HMSNse
BTZ (containing BTZ 75 nM and 150 nM) for 48 h. Then the cells were
fixed in 70% ethanol at �20 �C for 2 h, washed in PBS and stained
with propidium iodide (PI, 50 mg/ml) containing ribonuclease A (50
ng/ml) at 37 �C for 1 hr, then analyzed with Aria II flow cytometer
(BD Biosciences) for sub-G1 peak which indicates the percentage of
apoptotic cells in the whole cell population.

2.12. In vivo antitumor effect

Female nude mice (Bi-kai Biotech.) aged 5-week-old were used.
H1299 cells (5 � 106 cells) were suspended in Matrigel (BD Bio-
sciences) and injected s.c. into themice. All animal procedures were
performed following protocol approved by the Institutional Animal
Care Committee of Shanghai Institute of Biochemistry and Cell
Biology. Mice bearing evident tumors were randomly divided into
PBS control group, HMSNs group, BTZ group and HMSNseBTZ
group (three mice per group). BTZ, HMSNs and HMSNseBTZ were
dissolved in PBS and directly injected into the tumors at a dose of
0.3 mg/kg (concentration of BTZ) every two days for two weeks.
Herein, the HMSNseBTZ group has an equivalent BTZ dosage to free
BTZ group and have an equivalent HMSNs dosage to the HMSNs
group. Animals were euthanized with carbon dioxide, tumor
masses were isolated and tumor weight measured.

2.13. Statistical analysis

All data are presented as means � SEM. The two tailed unpaired
Student’s t-test was used to assess the significance of difference
Please cite this article in press as: Shen J, et al., The use of hollow mes
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between two sets of data. Differences were considered to be sta-
tistically significant when P < 0.05.

3. Results and discussion

3.1. Synthesis and characterization of hollow mesoporous silica
nanospheres

The hollow mesoporous silica nanospheres (HMSNs) were pre-
pared using polystyrene latex nanospheres as templates of hollow
sphere and surfactant CTAB as pore-generatin gas. Then hollow
interior was formed after removal of the hard template by calci-
nation, according to a previously published method [45]. From low
magnification of scanning electron microscopy (SEM) imaging
(Fig. 1A), the as-prepared HMSNs exhibited spherical morphology
and possessed a very uniform diameter of w140 nm. These silica
nanospheres were nearly transparent to an electron beam during
SEM imaging, suggesting the formation of hollow structures, as
shown in high magnification of SEM image (Fig. 1B). The low
magnification of transmission electron microscopy (TEM) image
(Fig. 1C) indicated excellent particle uniformity and the contrast
between the dark edge and pale center confirms the formation of
hollow sphere. Clearly, from high magnification of TEM image
(Fig. 1D), the shell of these HMSNs had a quite rough surface and a
mesoporous structure with a thickness of w20 nm.

3.2. In vitro drug release assay

To date, poorwater solubility has adversely impacted the clinical
applications of many hydrophobic anti-cancer drugs [33,36]. The
HMSNs bears many attractive features such as large hollow interior,
porous structure, and excellent biocompatibility, which make them
particularly suitable for delivery of drugs with low water solubility
[46]. Herein, the HMSNs were used as reservoirs for delivering BTZ.
The HMSNs were first loaded with BTZ to form BTZ-loaded HMSNs
drug-delivery systems by soaking them in a concentrated drug/
dimethylsulfoxide (DMSO) solution. The drug-loaded particleswere
collected by centrifugation. UVeVis absorption spectroscopy has
been used to determine the effective BTZ storage and release.
Working standard dilution of BTZ in the range of 6.0e96.0 mg/ml
were measured at 270 nm and a linear fit of the data was created,
and used as standard curve for the absorption against BTZ concen-
tration as shown in Fig. 2A. A good linear relationship (r2 ¼ 0.999)
was observed for BTZ. Based on UVeVis absorption measurements,
approximately 18.7 mg of BTZ drug molecules were stored inside
1.0 mg of the HMSNs and an encapsulation efficiency of the BTZ
could reach 48.6%. The loading BTZ into HMSNs could probably be
attributed to, (1) the physical adsorption of HMSNs derived from
large surface area and pore volume [47], and (2) the electrostatic
attraction between the negatively charged mesoporous silica sur-
face and ammonia groups of BTZ [37,41,46].

The cumulative drug release profile over a period of 78 h in
phosphate-buffer saline (PBS, pH 7.4) at room temperature was
shown in Fig. 2B. Cumulative drug release profiles exhibited than
67.7% of drug discharged from HMSNs within 8 h, followed by a
sustained and slow release (30.5% of drug releasedwithin 70 h). The
sustained release properties are favorable for increased drug accu-
mulation in the cancer cells following endocytosis and reduceddrug
release in normal tissue, thus having a potential to enhance the
long-term chemotherapy efficacy and reduce toxic side effect [41].

3.3. Endocytosis of HMSNs

Efficient endocytosis of the nanoparticles is critical for intra-
cellular drug delivery. A fluorescein isothiocyanate (FITC)-labeled
oporous silica nanospheres to encapsulate bortezomib and improve
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Fig. 1. (A and B) Low- and high-magnifications of SEM images, respectively; (C and D) Low- and high-magnification TEM images, respectively.
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HMSNs with high fluorescence was synthesized by modifying the
surface of HMSNs with FITC. To confirm the efficient uptake of the
nanocarriers by cancer cells, FITC-labeled HMSNs (50 mg/ml) were
incubated with H1299 cells for 6 h, then washed with phosphate-
buffered saline (PBS) solution to remove the nanoparticles that
were not taken up by cells. To determine the intracellular locali-
zation of the nanoparticles, cells were stained with Hoechst 33258
(blue) to visualize the nucleus, and LysoTracker Red DND-99 (red)
to highlight acidic organelles such as lysosomes and endosomes.
The stained live H1299 cells were then subjected to analysis on
Operetta high content analysis system (PerkinElmer). As shown in
Fig. 3, HMSNs entered cells efficiently after 6 h of incubation. FITC-
labeled HMSNs (green) could be observed in numerous cells
throughout the entire cell, demonstrating that these nanocarriers
can enter the cancer cells with high efficiency. Notably, there were
some spots of green fluorescence showing higher fluorescence in-
tensities in some cells, demonstrating the cluster of the HMSNs. In
Fig. 2. (A) The standard curve of BTZ by plotting the absorption at 270 nm (A270) against BTZ
in phosphate-buffer saline (PBS, pH 7.4) at room temperature.

Please cite this article in press as: Shen J, et al., The use of hollow mes
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contrast, some cells exhibited isolated spots of green fluorescence
(indicated with white arrows) which overlapped mostly with the
red fluorescence of lysosomes and endosomes, suggesting the
HMSNs were mainly taken up into the acidic organelles of the cells
and then efficiently released to the cytosol, which could eventually
disperse throughout the whole cell compartment. This observation
demonstrated that the HMSNs, as a membrane-penetrating de-
livery vehicle for therapeutic molecules (such as drugs, proteins
and genes), could enter the cells mainly through endocytosis.

3.4. Cytotoxicity of HMSNseBTZ on H1299 cancer cells

A high biocompatibility of the drug delivery system is required
as a precondition for their applications in cancer treatment. H1299
cells were incubated with HMSNs for 48 h and then cell viability
was assessed via WST-8 assay (see “Materials and methods” for
details). As shown in Fig. 4A, the HMSNs were not toxic to the cells,
concentrations. (B) Cumulative profiling of drug release of BTZ from BTZ-loaded HMSNs

oporous silica nanospheres to encapsulate bortezomib and improve
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Fig. 3. Uptake and subcellular localization of the FITC-labeled HMSNs in H1299 cells observed by Operetta high content analysis system (PerkinElmer). The cells were incubated
with 50 mg/ml of the FITC-Labeled HMSNs for 6 h, then stained with Hoechst 33258 (1 mg/ml) for another 1 h, LysoTracker Red DND-99 (100 nM) for 30 min. (A) Bright field image
shows the morphology of corresponding H1299 cells. (B) Blue fluorescence indicates nuclear staining with Hoechst 33258. (C) Green fluorescence indicates the localization of FITC-
labeled HMSNs. (D) Red fluorescence indicates the localization of lysosomes stained by Lysotracker Red DND-99. (E) Overlaid image of B and D. (F) Overlaid image of B and C. (G)
Overlaid image of C and D. (H) Overlaid image of B, C and D. White arrows in the images indicate complete co-localization of FITC-labeled HMSNs with lysosomes. Scale bar equals
100 mm.

Fig. 4. Cytotoxicity of HMSNs, BTZ or HMSNs-BTZ, on human lung cancer H1299 cells by cell viability assay (WST-8 assay). (A) Viability assay with cells treated with concentrations
of HMSNs (0e0.5 mg/ml) for 48 h, BTZ or HMSNseBTZ (effective concentrations of BTZ, from 0 to 300 nM) on H1299 cells for 24 h (B) or 48 h(C); (D) corresponding IC50 values of BTZ
or HMSNseBTZ for treating H1299 for 24 h or 48 h.

J. Shen et al. / Biomaterials xxx (2013) 1e116

Please cite this article in press as: Shen J, et al., The use of hollow mesoporous silica nanospheres to encapsulate bortezomib and improve
efficacy for non-small cell lung cancer therapy, Biomaterials (2013), http://dx.doi.org/10.1016/j.biomaterials.2013.09.098



J. Shen et al. / Biomaterials xxx (2013) 1e11 7
the tested concentration even as high as 0.5 mg/ml, a result indi-
cating excellent biocompatibility of the nanoparticles.

Subsequently, the cytotoxicity comparison of free BTZ and BTZ
loaded HMSNs were evaluated. The dose-dependent cytotoxicity
on H1299 cancer cells was observed when the cells were treated
with either HMSNseBTZ or free BTZ for 24 h and 48 h, respectively.
As shown in Fig. 4B, for the first 24 h treatment, cytotoxicity of free
BTZ is comparable to that of HMSNseBTZ at all concentrations
Fig. 5. Comparison of cytotoxicity of BTZ and HMSNseBTZ to human lung cancer H1299 cell
BTZ (of BTZ 75 nM or 150 nM) for 48 h, then stained with Hoechst 33258, Propidium iodide (P
image shows the morphology of corresponding H1299 cells; cells were stained with Hoechs
dead cells. Scale bar equals 100 mm.
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examined. The half-maximum inhibiting concentrations (IC50
value) of free BTZ or HMSNseBTZ are 280 nM or 300 nM, respec-
tively (Fig. 4D). However, HMSNseBTZ manifested prolonged
cytotoxicity to the cancer cells over a longer period of 48 h drug
treatment, and the IC50 values of BTZ and HMSNseBTZ decreased to
130 nM and 55 nM, respectively (Fig. 4C, D).

It is conceivable that the increased and prolonged cytotoxicity of
HMSNseBTZ after cellular uptake might be attributable to the
s. Cells were treated with PBS, HMSNs (0.5 mg/ml), BTZ (75 nM or 150 nM), or HMSNse
I) before observed on Operetta high content analysis system (PerkinElmer). Bright field
t 33258 to count the total numbers of the cells in each well while PI staining visualizes

oporous silica nanospheres to encapsulate bortezomib and improve
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sustained release of the drug molecules from the HMSNs. There-
fore, application of HMSNs-based drug delivery system could lead
to reduced dose of anticancer drug and decreased frequency of
administration in cancer therapy.

To further investigate the mechanism by which HMSNseBTZ
exerted the cytotoxicity, and also to compare the cytotoxicity be-
tween HMSNseBTZ and free BTZ, cell death assay was performed
on Operetta high content analysis system (PerkinElmer). The H1299
cells were incubated with PBS control, HMSNs (0.5 mg/ml), BTZ
(75 nM and 150 nM), or HMSNseBTZ (containing BTZ 75 nM or
150 nM) for 48 h, then double stained with Hoechst 33258 (blue,
Fig. 6. Flow cytometry analysis to determine the apoptotic sub-G1 cell population in H129
(containing BTZ 50 nM or 100 nM) for 48 h (A, B). (C) Effects of BTZ (150 nM) or HMSNseBTZ
or death, probed with indicated antibodies in immunoblotting analysis.

Please cite this article in press as: Shen J, et al., The use of hollow mes
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indicates nucleus) and propidium iodide (PI, red, indicates dead
cells). As shown in Fig. 5, the cells treated with a high concentration
of HMSNs (50 mg/ml) did not show any abnormality compared to
the PBS control, which was consistent with previous data from cell
viability assay (Fig. 4A) and further confirmed the biocompatibility
of HMSNs. In contrast, chromatin condensation and apoptotic body
formation could be readily observed for most of the cells treated
with BTZ, as well as HMSNseBTZ. Moreover, wider distribution and
higher fluorescence intensity in propidium iodide (PI) staining,
which indicates dead cells of total population, were more promi-
nent in the HMSNseBTZ group, when compared to that of BTZ
9 cells treated with PBS, HMSNs (0.5 mg/ml), BTZ (50 nM or 100 nM), or HMSNseBTZ
(containing BTZ 150 nM) on the endogenous levels of several key regulators in cell cycle
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group at the equivalent BTZ concentration, suggesting BTZ-loaded
HMSNs might cause more cancer cells to death than that of the
free BTZ. Therefore, HMSNseBTZ might exert higher cytotoxicity to
the cancer cells than free BTZ, likely through induction of more
apoptotic cell death.

Apoptosis analysis using Flow cytometry analysis has further
substantiated this mechanism. H1299 cells were treated with PBS
control, HMSNs (0.5 mg/ml), BTZ (75 nM and 150 nM) or HMSNse
BTZ (containing BTZ 75 nM and 150 nM) for 48 h, followed by fix-
ation and propidium iodide (PI, 50 mg/ml) staining. The apoptotic
cells, which have a lower DNA content, should fall into those similar
to the sub-G1 region in cell cycle on flow cytometry analysis.
Therefore, after propidium iodide (PI) staining, the number of cells
in the sub-G1 populationwas quantified to measure the percentage
of apoptotic cells. As shown in Fig. 6A, in PBS control group, the
percentage of cells in the sub-G1 fractionwas low (5.5%), whichwas
in discernible from those treated with HMSNs (5.7%), again indi-
cating the biocompatibility of the nanoparticles. However, signifi-
cant populations of the cells (17.4%, 24.7%) went into sub-G1 phase
when treated with BTZ at 50 nM and 100 nM. Remarkably, the
HMSNseBTZ group scored much more significant increase in the
number of cells in the sub-G1 fraction (Fig. 6B). Taken together, the
results suggest the stronger tumor-ciding effect of HMSNseBTZ on
H1299 cancer cells might be due to induction of more apoptosis
than that by free BTZ at the comparable doses.

Treatment with bortezomib is known to cause cell cycle arrest
[51,52] and induce apoptosis in cancer cells [53,54]. It is tempting to
ask if HMSNseBTZ might exert tumor-ciding effect through the
samemechanism. H1299 cells were exposed to PBS control, HMSNs
(0.5 mg/ml), BTZ (150 nM), or HMSNseBTZ (containing BTZ 150 nM)
Fig. 7. Anti-tumor effect of HMSNseBTZ in vivo. (A) Representative photos of nude mice bea
every two days for two weeks) administration, using those treated with PBS or HMSNs as con
were shown with mean � SEM, n ¼ 3, *P < 0.05, **P < 0.01.
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for 48 h. As shown in Fig. 6C, free BTZ indeed stabilized Cyclin B, a
key protein in G2/M phase control, presumably through inhibiting
its ubiquitylation-proteasome mediate degradation. Remarkably,
HMSNseBTZ caused a stronger accumulation of Cyclin B. On the
other hand, Akt, also known as Protein Kinase B (PKB), is a serine/
threonine-specific protein kinase that plays a key role in
apoptosis, cell proliferation, transcription and cell migration. Under
various circumstances, activation of Akt (P-Akt) was shown to
overcome cell cycle arrest, we found that P-Akt levels decreased
under the BTZ treatment compare to the control, especially in the
HMSNseBTZ group, although the total Akt protein levels kept
steady. Meanwhile, we found significant activation of Caspase-3
under HMSNseBTZ treatment, confirming that apoptotic pro-
gramswere activated, which was consistent with the results of sub-
G1 apoptosis assay in the previous experiments. Interestingly, we
also found 48 h treatment with BTZ has resulted in the formation of
lapidated ATG8/LC3, an established marker for activation of cellular
autophagy [55]. Interestingly, HMSNseBTZ induces even stronger
activation of cellular autophagy.

3.5. Anti-tumor activity of HMSNseBTZ on H1299 lung tumor
xenografts

To further evaluate the tumor-suppressing effect of HMSNseBTZ
in vivo, a model for tumorigenicity of H1299 cancer cells in nude
mice was established. H1299 cells (5 � 106 cells) were injected s.c.
into the female nude mice (aged 5-week-old) with a body weight of
approximately 20 g to bear xenografts. After three days, mice
bearing visible tumors were randomly divided into PBS control,
HMSNs, BTZ or HMSNseBTZ groups (three mice per group). BTZ,
ring tumors formed by H1299 cells after BTZ or HMSNseBTZ (doses of BTZ at 0.3 mg/kg
trols. (B) Weight of the tumor masses dissected from the mice in indicated groups. Data
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HMSNs and HMSNseBTZ were dispersed in PBS and directly
injected into the tumors at a dose of 0.3 mg/kg (concentration of
BTZ) every two days for two weeks. Herein, the HMSNseBTZ group
received BTZ dosage an equivalent to that for free BTZ group. After
two weeks, mice were sacrificed and tumors mass dissected and
weighed. Images of the tumor in indicated groups along their mean
tumorweights are shown in Fig. 7A and B. As anticipated, the tumor
sizes of both of the BTZ and HMSNseBTZ group were smaller than
those of the PBS or HMSNs control groups, indicating the tumor
inhibitory activity of BTZ. Remarkably, the HMSNseBTZ group
showed much stronger tumor-suppressing effect than that by BTZ
only. The average tumor masses in BTZ group were approximately
43% of the control groups, while those of the HMSNseBTZ group
were only 12% of the control groups. This clearly demonstrated that
anti-tumor effect of HMSNseBTZ was over 1.5 folder stronger than
BTZ alone. Therefore, in animal models, HMSNs-encapsulation of
BTZ also lead to enhanced tumor suppression like it did in cell
culture, which consistently highlighted the fact that the improved
availability and sustained release BTZ fromHMSNs in tumor tissues.

3.6. Efficacy of HMSNseBTZ on other human NSCLC cells

Somatic mutations in the gene of tumor suppressor p53 are
underlying most of human malignancies including non-small cell
lung cancer (NSCLC). Up to 50% of all NSCLC contain P53 mutations
[56]. Numerous clinical studies pointed that human NSCLC cells
with P53 mutations might contribute to poor prognosis andmay be
relatively more resistant to chemo- or radiation therapy [56,57].

We would like to ask if the tumor-suppressing effects of
HMSNseBTZ would rely on the presence of the functional p53
signaling system in the cancer cells. Therefore, cytotoxic effect of
HMSNseBTZ was further examined on other NSCLC cells including
CRL-5872 (P53 mutant) cells and HTB-177 (P53 wild-type) cells,
besides H1299 cells. These two lines of cells were then treated with
PBS (as a control), HMSNs (0.5 mg/ml), BTZ (100 nM) or HMSNse
BTZ (concentration of BTZ 100 nM) for 48 h, viable cells were
examined in triplicates with WST-8 assay. As shown in Fig. 8,
HMSNs did not cause visible cytotoxicity on CRL-5872 cells or HTB-
177 cells similar to that on H1299 cells (Fig. 4A). As shown in Fig. 8,
BTZ treatment induced cytotoxicity in both P53 wild-type and
mutant non-small cell NSCLC cells. However, the cytotoxicity effi-
cacy was much stronger on the P53 wild-type HTB-177 cells
compared to P53 mutant CRL-5872 cells. Meanwhile, compared to
Fig. 8. Evaluation of the cytotoxic effects of HMSNs, BTZ or HMSNseBTZ on human
non-small cell lung cancer (NSCLC) cells (CRL-5872, HTB-177 cells). The cells were
treated with PBS, HMSNs (0.5 mg/ml), BTZ (100 nM) and HMSNseBTZ (equal to 100 nM

BTZ) for 48 h, prior to cell viability assay using WST-8. Data were shown with
mean � SEM, n ¼ 3.
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free BTZ at comparable concentrations, HMSNseBTZ exerted
significantly higher cytotoxicity on both CRL-5872 cells and HTB-
177 cells, consistent with previous data observed with H1299
cells (Fig. 4C). Furthermore, the tumor-suppressing effect of
HMSNseBTZ was found to synergize with the presence of wild-
type p53 signaling.

Practically, p53 gene therapy has been tested in clinical trials in
patients with lung cancer, and several clinical studies have shown a
beneficial effect of the combination of P53 gene therapy and
chemotherapeutic drugs [58,59]. Our data clearly suggested that
more pronounced tumor suppression could be expected if HMSNse
BTZ are administrated in combination with gene therapy using
wild-type P53. Given the fact that HMSNs could serve as an
excellent vesicle capable of encapsulating and delivering for both
small molecule chemicals or macromolecules such as plasmids, co-
delivery of tumor suppressor genes such as P53 gene and chemical
therapeutic drugs such as BTZ would tremendously impact the
clinical treatment of human non-small cell lung cancer.

4. Conclusions

In summary, this study reported the development and primary
test of hollow mesoporous silica nanospheres (HMSNs)-based drug
delivery of clinically approved proteasome inhibitor BTZ for ther-
apy against human non-small cell lung cancer (NSCLC). The pro-
teasome inhibitor anticancer drug bortezomib (BTZ) loaded
nanostructures, which formed HMSNseBTZ, manifested improved
tumor-suppressing effect in both in vitro and in vivo systems,
enhancement of therapy efficacy on NSCLC compare to free BTZ.
This might be attributable to the multiple beneficial features of the
nanoparticle-based drug delivery system: the improved hydro-
philicity, reduced toxicity, excellent dispersibility, sustained drug-
releasing property, high stability and excellent biocompatibility.
Therefore, HMSNs are emerging as a powerful platform for deliv-
ering single or multiple therapeutic agents to treat NSCLC and other
human malignancies.
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